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Abstract 

A  transatlantic  CTD/ADCP  section  nominally  located  at  1 1°N  was  carried  out  in 
March  1989.  In  this  paper  relative  geostrophic  velocities  arc  computed  from  these  data  via 
the  thermal  wind  balance,  with  reference  level  choices  based  primarily  on  water  mass 
distributions.  Mass  is  conserved  by  requiring  the  geostrophic  transport  to  balance  the  sum 
of  the  Ekman  and  shallow  western  boundary  current  trans|x}rts. 

A  brief  overview  of  the  meridional  circulation  of  the  upper  waters  resulting  from 
these  analysis  techniques  is  presented,  and  indicates  a  North  Brazil  Current  transport  of 
nearly  12  Sv.  Transports  of  ^e  shallow  waters  are  found  to  support  the  results  of  Schmitz 
and  Wchardson  (1991)  who  found  nearly  half  of  the  Florida  Current  waters  to  be  derived 
from  the  South  Atlantic.  Schematic  circulation  patterns  of  the  NADW  and  AABW  are  also 
presented.  The  deep  waters  of  the  western  basin  are  dominated  by  a  cyclonic  recirculation 
gyre,  consisting  of  a  southward  DWBC  transport  of  26.5  ±1.8  Sv,  with  nearly  half  of  this 
flow  returning  northward  along  the  western  flank  of  the  MAR.  A  particularly  notable  result 
of  the  deep  western  basin  analysis  is  the  negligible  net  flow  of  middle  NADW.  Although 
the  northward  flows  of  upper  and  lower  NADW  along  the  western  flank  of  the  MAR  are 
believed  to  be  associated  with  the  local  recirculation  gyre,  the  northward  flow  of  ntiddle 
NADW,  which  nearly  balances  the  southwani  flow  of  this  water  mass  along  the  western 
boundary,  may  be  derived  from  the  eastern  basin  of  the  South  Atlantic.  The  deep  waters  of 
the  eastern  basin  are  also  dominated  by  a  large  cyclonic  recirculation  gyre,  consisting 
primarily  of  lower  NADW  and  supplemented  by  middle  NADW  and  AABW.  Each  of 
these  water  masses,  as  well  as  the  upper  NADW,  have  small  net  northward  flows  within 
the  eastern  basin.  Tlie  AABW  most  likely  enters  the  eastern  basin  by  means  of  the  Verna 
Rticture  Zone,  while  the  lower  NADW  enters  primarily  through  the  I^e  Gap. 

Although  the  components  of  the  horizontal  circulation  discussed  above  agree  well 
with  results  from  previous  CTD,  current  meter,  and  float  studies,  the  meridional 
overturning  cell  (5.2  ±  1.6  Sv)  and  the  net  heat  flux  (2.3  ±  1.6  x  10^^  W)  calculated  in  this 
study  are  considerably  lower,  and  the  net  freshwater  flux  (-0.60  ±  1.5  Sv)  is  slightly 
higher  than  previous  estimates.  These  discrepancies  may  be  attributed  to:  (1)  differences  in 
methodolo^es,  (2)  the  increased  resolution  of  this  section  (as  compared  to  earlier  IGY 
sections),  and  (3)  temporal  (including  decadal,  synoptic,  and  most  importantly,  seasonal) 
variability.  Annual  average  meridional  overturning  (12  Sv),  heat  flux  (11  x  lO^^  W),  and 
freshwater  flux  (-0.35  Sv),  are  computed  based  on  annual  average  Ekman  and  NBC 
transports,  temperatures,  and  salinities,  and  agree  well  with  most  previous  annual 
estimates.  The  large  difference  between  the  March  and  the  annual  estimates  is  indicative  of 
the  inqxrrtance  of  seasonal  variability  within  the  tropical  North  Atlantic. 
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1.  Introduction 

One  of  the  best  ways  of  examining  large  scale  oceanic  circulation,  and  a  proven 
method  of  directly  computing  meridional  heat  and  freshwater  fluxes,  is  the  analysis  of 
zonal  coast  to  coast  hydrographic  secdons.  The  data  previously  used  for  such  studies  in 
the  Atlantic  have  primarily  been  the  International  Geophysical  Year  (IGY)  data  of  the 
1950's  (Hall  and  Bryden  1982;  Roemmich  1983;  Roemmich  and  Wunsch  1985;  Rintoul 
1991).  Although  these  sections  can  give  us  some  insight  as  to  the  net  mass,  heat,  and 
freshwater  transports  in  the  Atlantic,  the  poor  horizontal  (and  vertical)  resolution  of  these 
transects  makes  it  difficult  to  identify  the  nature  of  the  horizontal  circulation. 

In  this  study  we  reexamine  the  circulation  of  the  tropical  North  Atlantic  by 
analyzing  a  much  more  recent  hydrographic  section  nominally  located  at  1 1°N.  As  a  result 
of  the  high  horizontal  resolution  of  this  section  (four  to  five  times  greater  than  that  of  the 
IGY  transects),  a  detailed  analysis  of  the  horizontal  circulation  across  this  section  is 
possible.  Thus,  a  primary  goal  of  this  study  is  to  quantify  some  of  the  known  circulation 
patterns  in  the  tropical  Atlantic,  such  as  the  magnitude  of  the  Deep  Western  Boundary 
Current  (DWBC)  and  its  recirculation,  as  well  as  bring  to  light  new  elements  of  the 
circulation  such  as  the  possible  net  northward  flow  of  middle  North  Atlantic  Deep  Water 
(NADW).  (Comparison  between  the  horizontal  circulation  results  of  this  study  and  those 
from  other  float,  current  meter,  and  (CTD  data  analyses  helps  us  to  paint  a  definitive  picture 
of  the  meridional  flow  patterns  in  this  region. 

Since  this  transect  reaches  all  the  way  from  French  Guiana  to  Senegal,  direct 
computations  of  heat  and  freshwater  transports  are  also  possible.  Partly  as  a  result  of  the 
lack  of  direct  heat  flux  estimates  (there  have  only  been  a  couple  direa  computations  of  heat 
flux  (Roemmich  1983;  Wunsch  1984)  in  the  tropical  North  Atlantic),  heat  transpon 
estimates  obtained  indirectly  via  surface  heat  budgets  and  general  circulation  models  vary 
widely.  Although  integrations  of  evaporative  fluxes  provided  by  Baumgartner  and  Reichel 
(1975)  and  Schmitt  et  al.  (1989)  indicate  a  maximum  of  freshwater  transport  in  the  tropical 
North  Atlantic  (Wijffels  et  al.  1992),  freshwater  transpon  has  never  been  directly  calculated 
within  this  region.  Therefore  an  important  part  of  this  paper  will  be  to  provide  direct 
estimates  of  heat  and  freshwater  fluxes  with  which  the  many  indirectly  calculated  fluxes  can 
becon^ared. 
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The  tropical  Nonh  Atlantic  is  particularly  complicated  by  the  strong  seasonal 
variability  of  the  winds  (and  the  resulting  Ekman  transpon)  and  the  North  Brazil  Current 
(NBC).  Although  the  horizontal  circulation  patterns  of  the  intermediate,  deep  and  bottom 
waters  are  relatively  independent  of  the  Ekman  and  western  boundary  cuirent  transports, 
the  strength  of  the  meridional  overturning  cell  is  extremely  dependent  on  these  factors.  As 
a  result,  the  net  volume,  heat  and  freshwater  fluxes  are  highly  sensitive  to  seasonal 
changes.  From  previous  observational  studies  we  can  approximate  the  Ekman  and  NBC 
transports  at  other  times  of  the  year,  and  thus  we  are  also  able  to  estimate  the  magnitude  of 
the  seasonal  variability  in  these  net  meridional  fluxes.  Although  it  is  more  difficult  to 
assess,  the  possibility  of  decadal  variability  (between  for  instance  the  1950’s  IGY  data  and 
our  1989  section)  will  also  be  discussed. 

In  this  study,  volume,  heat,  and  freshwater  transports  are  calculated  by  integrating 
velocities  obtained  by  means  of  the  dynamic  method.  Since  such  geostrophic  calculations 
determine  only  vertical  shear,  and  not  absolute  velocities,  one  needs  to  know  the  absolute 
velocity  a  priori  at  one  depth  for  each  station  pair  in  order  to  determine  absolute  velocities. 
There  are  a  number  of  ways  in  which  the  velocity  at  such  a  'reference  level'  can  be 
determined.  If  long-term  current  meter  records  or  acoustic  doppler  current  profiler  ( ADCP) 
measurements  are  available  in  the  vicinity  of  the  hydrographic  stations,  the  geostrophic 
velocities  can,  in  theory,  be  referenced  to  these  absolute  velocities.  Beta  spiral  and  inverse 
methods  can  also  be  used.  Although  some  of  these  other  methods  may  be  applied  to  this 
data  set  in  the  future,  in  this  paper  we  use  the  more  traditional  method  of  choosing  a  level 
(or  levels)  of  no  motion  based  primarily  on  watCT  mass  distributions  and  using  these  as  a 
reference  for  the  geostrophic  velocity  calculations.  Mass  conservation  is  then  satisfied  by 
balancing  the  geostrophic  transport  with  the  sum  of  the  shallow  NBC  transpon  and  the 
ageostrophic  Ekman  transport  The  consistency  of  our  results  with  available  direct  velocity 
measurements  and  other  CTD  studies  in  the  area  justifies  our  analysis  methods  a  posteriori. 

In  the  next  section  we  provide  a  brief  description  of  the  data  used  in  this  study, 
followed  by  a  discussion  of  some  of  the  subtleties  in  the  data  analysis.  In  section  3  the 
horizontal  ciiculatitHi  across  this  transect  is  described  and  the  net  heat  and  freshwater  fluxes 
are  calculated.  Possible  explanatitms  for  the  relatively  low  values  we  obtain  for  these  latter 
fluxes,  in  comparison  to  other  direct,  indirect  and  model  estimates,  are  discussed  in  Section 
4.  Section  S  contains  a  brief  summary. 
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2.  Data  and  Analysis  Techniques 

a.  Data 

In  March  1989,  D.  Roemmich,  M.  Hall,  and  T.  Chereskin  carried  out  a 
CTD/hydrographic/ADCP  zonal  section  across  the  tropical  North  Atlantic  Ocean,  repeating 
the  track  of  a  basin-wide  deployment  of  SOFAR  (Sound  Fixing  and  Ranging)  floats 
completed  by  P.  Richardson  and  W.  Schmitz  the  previous  month.  The  4000  km  cruise 
track,  shown  in  Figure  1,  consisted  of  84  CTD  stations,  each  of  which  extended  from  the 
surface  down  to  within  10  m  of  the  bottom.  The  average  station  spacing  was  50  km,  with 
shorter  spacing  of  15  -  25  km  near  the  coasts  and  in  regions  of  strongly  variable 
topography.  Beginning  at  the  200  m  isobath  off  Senegal,  the  ship  angled  slightly 
southwestward  for  a  short  segment  before  heading  due  west  along  1 1°12’N.  In  order  to 
approach  the  South  American  coast  perpendicularly,  the  ship  made  a  second  turn  toward 
the  southwest  at  roughly  46.5°W.  The  last  station  was  located  near  the  200  m  isobath  off 
French  Guiana.  To  the  west  of  this  CTD,  the  ADCP  was  used  in  bottom-tracking  mode  in 
order  to  determine  the  transport  of  the  NBC  over  the  wide  shallow  shelf,  illustrated  in 
Figure  2. 

Although  later  work  on  this  project  will  synthesize  the  hydrographic  data  with  the 
SOFAR  float  and  A£)CP  data,  in  this  work  we  employ  the  traditional  method  of  choosing  a 
reference  level  based  primarily  on  water  mass  distributions,  and  referencing  the  geostrophic 
velocity  calculations  to  this  assumed  level  of  least  motion.  When  using  this  method  there 
are  a  number  of  choices  that  must  be  made.  For  instance,  one  must  decide  what  velocity  to 
attribute  to  the  bottom  triangles,  and  how  to  account  for  intervening  topography.  (The 
details  of  this  part  of  the  analysis  are  given  in  the  Appendix.)  The  Ekman  and  shallow 
western  boundary  transports  must  also  be  computed  using  either  climatological  data  or  in 
situ  ADCP  data  obtained  during  the  cituse.  A  reference  level,  or  combination  of  reference 
levels,  must  also  be  chosen  in  order  to  obtain  absolute  velocities  from  the  relative  velocities 
given  by  the  application  of  the  thermal  wind  relationship.  All  these  choices  must  be  made 
in  such  a  manner  that  mass  is  conserved,  i.e.  total  geostrophic  mass  transport  across  the 
section  must  balance  the  shallow  western  boundary  and  Ekman  transports.  The  remainder 
of  this  section  describes  ways  in  which  these  complications  have  been  addressed  in  the 
past,  as  well  as  how  they  are  specifically  dealt  with  in  this  study. 
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b.  Ekman  and  shallow  western  boundary  transport 

Ekman  transport  is  a  major  component  in  the  meridional  circulation,  heat  and 
freshwater  balances  of  the  tropical  North  Atlantic.  For  example,  using  IGY  8°N  data, 
Roemmich  (1983)  found  the  heat  flux  due  to  the  Ekman  transport  to  be  greater  in 
magnitude  than  that  due  to  the  geostrophic  transport.  This  condition  was  not  found  at  the 
sections  Roemmich  examined  at  24‘’N,  8°S  and  24®S. 

Chereskin  and  Roemmich  (1991)  computed  the  Ekman  transport  across  the  1 1°N 
transect  (to  the  east  of  the  first  Cl'D  located  at  the  200  m  isobath)  using  three  different 
methods.  The  difference  between  the  geostrophic  shear  and  the  shear  measured  by  the 
ADCP  data  yielded  an  estimate  of  12.0  ±  S.5  Sv  and  is  in  good  agreement  with  that 
estimated  from  the  shipboard  winds,  8.8  ±1.9  Sv.  Using  the  mean  monthly  winds  of 
Hellerman  and  Rosenstein  (1983)  for  the  month  of  March,  they  obtained  a  third  estimate  of 
13.5  ±  0.3  Sv.  Since  the  cruise  period  was  characterized  by  particularly  low  winds,  it  is 
not  surprising  that  the  calculations  using  the  in  situ  data  yielded  smaller  estimates  of  Ekman 
transpoTL  In  this  examination  of  the  Match  1989  circulation  across  1 1“N,  the  best  estimate 
of  Ekman  transpon  is  assumed  to  be  a  weighted  mean  of  the  two  in  situ  estimates:  9.1  ± 
1.8  Sv.  In  order  to  yield  a  more  accurate  representation  of  the  circulation  for  March  in 
general,  calculations  using  the  climatological  estimate  will  also  be  shown  where 
appropriate. 

Along  the  western  boundary  of  this  transect,  the  northwestward  flow  of  the  NBC  is 
evident  from  the  data  of  the  shallowest  few  CJTD's.  Using  the  ADCP  in  bottom  tracking 
mode,  this  0(1  m-s’^)  flow  was  observed  to  extend  across  the  wide  shallow  shelf  where  no 
CTD  data  was  taken  (Chereskin  and  Roemmich  1991).  (See  Hgure  2.)  The  across  track 
component  of  the  flow  between  the  coast  and  the  first  CTD  station,  i.e.  the  200  m  isobath, 
is  hereafter  referred  to  as  the  'shallow  NBC  transport'.  Using  the  ADCP  data  over  the 
shelf,  Chereskin  (pers.  comm.)  calculated  the  net  shallow  NBC  transport  to  be  4.5  ±  1  Sv. 
Absolute  velocities  were  integrated  from  the  bottom  to  30  m  (2.7  Sv),  and  a  slab 
extrapolation  was  applied  between  30  m  and  the  surface  (1.8  Sv).  Of  this  net  flow,  3.3  Sv 
was  found  to  be  in  water  depths  of  less  than  100  m,  in  good  agreement  with  the  shallow 
transports  of  the  North  Brazil  Current  obtained  by  Candela  et  al.  (1992)  using  ADCP  and 
CTD  data  from  March  1990. 
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The  remaining  calculations  in  this  paper  are  performed  assuming  that  the 
geostrophic  component  of  the  flow  (to  the  east  of  the  first  CTD)  must  balance  the  sum  of 
the  net  northward  Ekman  trar.sport  and  the  shallow  western  boundary  transport,  i.e.  13.6  ± 
2.1  Sv.  Error  bars  on  the  geostrophic  transports  will  include  the  propagation  of  the 
uncertainty  in  this  sum. 

c.  R^>,rence  levels 

1)  APPLICATION  OF  HISTORICAL  REFERENCE  LEVELS 

Selecting  a  reference  level  of  no  motion  is  a  fundamental  aspect  of  transpon 
analyses  based  on  geostrophic  velocity  calculations;  a  change  in  reference  level  of  only  a 
few  hundred  meters  can  sometimes  change  even  the  sign  of  the  net  transport  across  a 
hydrographic  section.  It  is  common  practice  to  examine  property  distributions  across 
hydrographic  sections,  and  to  choose  reference  levels  of  no  motion  between  known  water 
masses  flowing  in  opposite  directions.  Using  seven  IGY  sections  in  the  Atlantic,  Wright 
(1970)  chose  a  reference  level  which  approximated  the  boundary  between  the  NADW  and 
the  AABW.  This  boundary  was  determined  by  examining  temperature-depth  and  salinity- 
depth  profiles,  and  selecting  the  level  where  a  discontinuity  in  the  profiles  occurred.  The 
result  of  this  analysis  was  a  reference  level  that  sloped  from  roughly  4400  m  at  the  16®N 
section  to  3400  m  at  the  32®S  section,  and  nominally  coincided  with  the  1.9°C  isotherm. 
(All  temperatures  throughout  this  paper  refer  to  potential  temperatures.)  In  their  study  in 
the  vicinity  of  the  Greater  Antilles  Outer  Ridge  north  of  Puerto  Rico,  Tucholke  et  al.  ( 1 973) 
experimented  with  a  reference  level  of  4700  m,  also  roughly  approximating  the  boundary 
between  the  NADW  and  the  AABW.  A  level  of  no  motion  at  0  =  1.9°C  was  also  used  by 
Whitehead  and  Worthington  (1982)  (as  well  as  by  Mc(I!aJtney  (1992a)  in  a  recent  update  of 
their  analysis)  for  a  group  of  hydrographic  stations  in  a  300  km  wide  gap  at  4°N  between 
the  Mid-Atlantic  Ridge  (MAR)  and  the  Ceara  Rise. 

Reference  levels  have  also  been  chosen  in  the  upper  water  column.  In  his 
comprehensive  dynamic  calculations  using  six  Meteor  sections,  Wust  (1955;  1957)  was 
one  of  the  first  to  choose  an  intermediate  reference  level.  His  choice  was  based  on  an 
approximation  of  the  boundary  between  the  Antarctic  Intermediate  Water  (AAIW)  and  the 
upper  NADW,  and  sloped  from  less  than  1(X)0  m  at  19*N  to  about  2(XX)  m  at  33*S.  More 
recently,  Molinaii  et  al.  (1992)  have  found  the  4.7*0  isotherm  to  be  a  useful  approximation 
to  the  level  of  no  motion  in  their  examination  of  the  DWBC  in  the  western  tropical  North 
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Atlantic.  Bennett  and  McCartney  (1990)  also  suggest  "fairly  unambiguous  choices  for 
levels  of  no  motion"  to  be  between  the  4“  and  5®C  potential  temperature  surfaces  in  this 
region  of  the  Atlantic  Ocean. 

As  discussed  above,  in  past  hydrographic  studies  of  the  tropical  Atlantic,  a  single 
reference  level  was  often  chosen  to  approximate  either  (1)  the  boundary  between  lower 
NADW  and  AABW  (roughly  4500  db  or  0  =  1.8  —  1.9°C)  or  (2)  the  boundary  between 
AAIW  and  upper  NADW  (roughly  1200  db  or  0  *  4.7°C).  For  comparison,  both  of  these 
reference  levels  are  applied  to  the  full  1 1°N  section,  and  the  transport  results  for  different 
water  masses  are  shown  in  Figure  3.  Isothermal  boundaries  for  the  water  masses  are 
determined  from  the  0-S  diagrams  shown  in  Figure  4.  Corresponding  definitions  of  water 
masses  are  listed  in  Table  1.  Station  pairs  which  include  at  least  one  station  shallower  than 
the  reference  level  are  referenced  to  the  deepest  common  level.  In  each  case  mass  is 
balanced  by  requiring  the  geostrophic  transport  to  be  equal  and  opposite  to  the  sum  of  the 
Ekman  and  shallow  NBC  transports.  This  is  done  by  adding  a  small  uniform  velocity,  vq, 
across  the  entire  section,  thus  changing  the  reference  level  from  a  level  of  'no'  motion  to  a 
level  of  'known'  motion,  i.e  vq,  and  simultaneously  shifting  the  zero  velocity  surface  to  a 
slightly  different  depth.  Error  bars  on  the  transports  in  Figure  3  are  based  on  the 
uncertainties  in  the  bottom  triangle  transports  (sec  Appendix),  as  well  as  in  the  sum  of  the 
Ekman  and  shallow  NBC  transports. 

Although  a  deep  reference  level  can  sometimes  give  reasonable  results  (Wright 
1970;  Tucholke  et  al.  1973;  Whitehead  and  Worthington  1982;  McCartney  1992a),  it 
appears  that  this  is  probably  not  the  best  possible  tq^proximation  to  the  level  of  no  motion  at 
1 1°N.  As  a  result  of  the  rather  large  mass  imbalance  of  38  Sv  caused  by  choosing 
(initially)  4500  db  to  be  a  level  of  no  motion,  a  uniform  velocity  of  vq  =  -0.21  cm/s  must  be 
added  to  the  section.  This  is  equivalent  to  raising  the  average  level  of  no  motion  by  1000 
db  which  places  it  in  the  center  of  the  lower  core  of  NADW!  As  expected,  results  from 
such  a  calculation,  as  shown  in  Figure  3a,  show  very  little  NADW  flowing  south.  (If  a 
1.8®C  isothermal  reference  level  had  been  used  in  place  of  the  4500  db  isobaric  reference 
level,  the  net  NADW  transport  would  be  northward.)  Equally  problematic  is  the  relatively 
large  southward  flow  of  AABW  caused  by  the  use  of  this  deep  reference  level. 

As  described  above,  shallow  reference  levels  approximating  the  boundary  between 
the  AAIW  and  the  upper  NADW  have  also  frequently  been  used  in  the  tropical  North 
Atlantic  (Wust  1955;  Wust  1957;  Molinari  et  al.  1992;  Bennett  and  McCartney  1990).  The 
mass  imbalance  caused  by  a  reference  level  of  1200  db  is  considerably  smaller,  and 
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requires  a  velocity  of  only  Vq  =  0.08  cm/s  to  be  added  uniformly  to  the  section.  The 
addition  of  such  a  small  velocity  changes  the  level  of  no  motion  by  less  than  20  m  and 
immediately  indicates  that  this  reference  level  choice  is  likely  to  give  more  reasonable 
results.  However,  Figure  3b  only  shows  a  slightly  larger  southward  transport  of  deep 
water,  and  once  again  an  anomalously  large  southward  transport  of  AABW.  Such 
circulation  patterns  lead  us  to  continue  our  search  for  a  more  appropriate  reference  level. 

2)  Reference  levels  used  in  this  study 

The  possibility  of  other  more  carefully  chosen  reference  levels  producing  more 
realistic  transports  of  AABW  and  NADW  is  now  considered.  Figure  5  shows  the  total 
transport  of  AABW  and  NADW  plotted  as  a  function  of  reference  level.  For  each  reference 
level  shown,  a  velocity  v©  has  been  added  uniformly  to  the  entire  section  in  order  to 
maintain  mass  conservation.  It  is  important  to  note  that  if  a  constant  reference  level  is 
chosen  across  the  entire  section,  the  maximum  possible  northward  flow  of  AABW  is  0.4 
Sv.  This  is  considerably  smaller  than  previous  estimates  of  transequatorial  bottom  water 
transport  which  exceed  4  Sv  (McCartney  and  Curry  1992;  McCartney  1992a). 
Furthermore,  if  the  AABW  is  required  to  flow  northward,  the  resulting  transport  of  total 
NADW  is  still  only  between  4  and  5.5  Sv.  This  is  a  surprisingly  low  value,  since  deep 
water  transports  of  roughly  17  Sv  have  been  found  both  at  24°N  (Hall  and  Biyden  1982)  as 
well  as  at  32°S  (Rintoul  1991). 

Although  Figure  5  shows  the  transport  results  for  a  number  of  different  reference 
levels,  the  realm  of  possible  reference  level  choices  is  not  yet  exhausted.  In  the  analysis 
above,  a  single  reference  level  was  chosen  to  best  approximate  the  level  of  least  motion  for 
all  station  pairs.  In  an  attempt  to  determine  whether  the  small  northward  transport  of 
AABW  and  the  small  southward  transport  of  NADW  found  above  are  real  or  are  simply 
artifacts  of  using  a  constant  reference  level  across  the  entire  section,  we  now  allow  for  the 
possibility  that  different  regions  of  the  1 1®N  transect  may  have  different  levels  of  no 
motion.  (In  fact,  it  is  likely  that  each  station  pair  has  a  different  level  of  no  motion; 
however,  due  to  the  limited  number  of  known  constraints,  it  is  only  possible  to  rationalize 
the  use  of  a  few  different  reference  levels.)  As  a  result,  the  western  and  eastern  basins  will 
now  be  examined  separately.  Since  more  previous  work  has  been  carried  out  in  the 
western  basin  than  in  the  eastern  basin,  the  discussion  of  reference  level  choice  will  begin 
there. 
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Nutnerous  studies  in  the  past  few  decades  indicate  that  the  circulation  within  the 
western  basin  of  the  tropical  North  Atlantic  varies  tremendously  from  west  to  east  On  the 
eastern  side  the  AABW  flows  northward  (McCartney  1992a),  while  on  the  western  side  the 
NADW  flows  southward  along  the  Brazil  coast  (Johns  et  al.  1992a;  McCartney  1992b). 
Furthermore,  the  core  of  the  upper  NADW  is  typically  found  inshore  of  the  core  of  lower 
NADW  (Molinari  et  al.  1992).  Thus  it  is  conceivable  that  the  best  approximation  to  the 
level  of  no  motion  may  also  differ  considerably  across  the  western  basin.  Therefore,  the 
western  basin  is  divided  into  three  subsections  with  different  reference  levels  allowed 
within  each  region. 

One  reasonable  location  to  subdivide  the  western  basin  is  at  the  abrupt  change  in 
topography  and  increase  in  depth  near  46.5°W  (or  equivalently  ~850  km  offshore  of  the 
shelf  break)  where  the  cruise  track  slighdy  changes  direction,  as  shown  in  Figure  1.  This 
division  is  illustrated  in  Figure  6  and  is  reinforced  by  observations  which  indicate  that  in 
the  tropical  North  Atlantic  the  NADW  extends  at  least  800  km  offshore  (Molinari  et  al. 
1992).  Furthermore,  within  the  deep  waters  of  the  11°N  transect  the  highest  values  of 
dissolved  oxygen  and  the  lowest  values  of  silicate  and  phosphate,  which  are  indicative  of 
the  NADW,  lie  primarily  in  the  westernmost  850  km  as  illustrated  in  Figure  7.  A  second 
division  of  the  basin  is  imposed  in  order  to  allow  the  upper  and  lower  cores  of  NADW  to 
have  different  reference  levels.  A  division  posidoned  near  50® W  (or  equivalently  ~175  km 
offshore  of  the  shelf  break,  as  shown  in  Figure  6)  appears  to  separate  the  inshore  core  of 
upper  NADW  at  1800  m  depth  from  the  offshore  core  of  lower  NADW,  Such  a  boundary 
is  also  useful  in  that  it  marks  the  location  of  a  significant  change  in  the  bottom  slope.  It 
must  be  remembered,  however,  that  such  divisions  are  primarily  convenient  methods  by 
which  reference  level  possibilities  can  be  examined.  Even  if  such  separations  existed  they 
probably  would  not  be  uniform  with  depth,  but  might  be  tilted  with  the  slope  of  the 
surrounding  bathymetry. 

Since  logical  divisions  between  the  eastern,  middle  and  western  parts  of  the  west 
basin  have  now  been  established,  the  reference  levels  must  be  decided  upon  for  each  of 
these  regions.  One  method  of  determining  a  level  of  least  motion  is  to  examine  current 
meter  data.  There  are  two  sets  of  current  meter  data  off  the  coast  of  S.  America  that  are 
relevant  to  our  1 1“N  section:  Whitehead  and  Worthington's  array  at  4®N,  and  the  array  of 
Johns  et  al.  (1992a)  at  8®N.  (Because  neither  of  these  arrays  were  coincident  in  time  or 
space  with  our  section,  it  is  not  logical  to  reference  our  geostrophic  velocities  directly  to 
these  current  meter  measurements.)  Since  all  the  current  meters  at  4®N  are  below  4000  m. 
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it  is  not  possible  to  determine  from  these  data  alone  whether  a  shallow  or  a  deep  level  of  no 
motion  would  be  more  appropriate.  However,  these  data  do  indicate  that  at  depths  of  4000 
m  or  so  there  is  a  strong  periodic  variability  with  roughly  a  60-day  time  scale  and 
amplitudes  of  up  to  20  cm/s.  The  data  at  8°N  also  show  considerable  vertical  excursion  of 
isotherms  with  a  similar  periodic  oscillation.  In  some  instances,  AABW  as  cold  as  1.4°C 
was  observed  to  flow  southward.  The  strong  temporal  variability  of  NADW  and  AABW 
transports  at  these  locations  introduces  some  doubt  as  to  whether  a  reference  level  between 
these  two  water  masses  is  the  best  choice  for  the  western  side  of  the  western  basin. 

Another  reason  to  exclude  the  deep  reference  levels  from  consideration  in  the 
western  basin  is  that  this  part  of  the  1 1°N  section  crosses  the  hypothesized  Guiana  Abyssal 
G5a’e  (McCartney  1992b;  Johns  et  al.  1992a).  It  is  believed  that  within  the  western  basin 
of  the  tropical  North  Atlantic,  the  bottom  water  flows  northward  along  the  MAR  and 
returns  southward  along  the  western  boundary,  while  the  deep  water  flows  southward 
along  the  western  boundary  and  recirculates  back  northward  along  the  western  side  of  the 
MAR.  This  recirculation  of  both  the  NADW  and  the  AABW  appears  to  extend  southward 
to  the  Ceara  Rise  (~  4°N)  and  northward  to  at  least  14°N  (Molinari  et  al.  1992).  Thus  it  is 
likely  that  within  the  entire  western  basin  the  AABW  is  flowing  in  the  same  direction  as  the 
lower  NADW,  and  a  reference  level  between  these  water  masses  is  not  suitable  as  a  level  of 
no  motion. 

Evidence  of  the  Guiana  Abyssal  Gyre  is  shown  in  the  potential  temperature 
contours  of  Figure  7a.  Here  the  isotherms  both  above  1.8®  (NADW)  and  below  1.8° 
(AABW)  slope  upward  toward  the  coast.  If  a  reference  level  of  0  =  1.8°C  is  chosen,  the 
resulting  NADW  flow  would  be  northward  -  in  disagreement  with  almost  all  tracer  and 
current  meter  data  in  the  DWBC.  Furthermore,  although  the  strong  maximum  of  dissolved 
oxygen  provides  indisputable  evidence  for  the  presence  of  NADW  (Figure  7c),  this 
maximum  is  associated  with  isotherms  (0  =  1.8°  -  2.4°C)  rising  towards  the  western 
boundary;  these  are  indicative  of  a  southward  flowing  water  mass  only  if  a  reference  level 
above  the  lower  core  of  NADW  (i.e.  shallower  than  3000  db)  is  chosen.  Similarly  on  the 
eastern  side  of  the  western  basin,  the  high  silicate  values  of  the  AABW  (Figure  7d)  lie  near 
the  bottom  of  the  western  basin  and  are  coincident  with  isotherms  (0  =  1.4°  -  1.9°C) 
sloping  upward  against  the  MAR;  these  are  indicative  of  a  northward  flowing  water  mass 
only  if  a  reference  level  above  30(X)  db  is  chosen. 

Although  deep  reference  levels  have  now  been  eliminated  from  consideration, 
which  reference  levels  are  preferable?  In  order  to  gain  insight  into  this  question,  transport 
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per  unit  depth  relative  to  the  bottom  is  plotted  in  Figure  8.  Transport  per  unit  depth  for  the 
section  as  a  whole  is  shown  in  Figure  8a,  and  that  for  the  individual  Regions  1  -  3  are 
shown  in  Figures  8(b,  c,  and  d)  respectively. 

Figure  8b  indicates  two  distinct  water  masses  in  Region  1:  one  located  at  800  m 
depth  and  the  other  at  1800  m.  The  upper  layer  is  identified  as  AAIW  by  its  strong  oxygen 
minimum  (Figure  7c),  while  the  silicate  maximum  of  the  lower  core  (Figure  7d)  indicates 
that  it  must  be  of  northern  origin.  Because  the  long  term  mean  flows  of  these  two  water 
masses  are  expected  to  be  in  opposite  directions,  a  reference  level  of  1 100  db  is  chosen. 

Figures  8c  and  8d  do  not  show  any  clear  levels  of  least  motion  and  thus  a  different 
method  must  be  used  to  determine  the  reference  levels  for  Regions  2  and  3.  Since  deep 
reference  levels  have  already  been  eliminated  from  consideration,  only  those  between  1000 
db  and  3000  db  are  allowed.  If  reference  levels  of  100  db  increments  are  considered,  there 
are  441  possible  combinations  for  the  western  basin  alone.  Each  of  these  441 
combinations  were  examined,  and  those  with  southward  flow  of  AABW  with  a  magnitude 
greater  than  0.5  Sv  were  rejected.  Since  McCartney  et  al.  (1991)  predict  a  northward  flow 
of  roughly  2  Sv  in  the  western  basin  across  1 1°N,  our  initial  constraint  is  a  mild  one;  at 
this  point  we  only  reject  absurdly  large  southward  flows  of  bottom  water.  (Also  note  that 
mass  cannot  yet  be  balanced  since  a  reference  level  for  Region  4  has  not  yet  been  chosen; 
however,  as  a  result  of  the  small  area  that  the  AABW  occupies,  the  addition  of  a  typical  Vq 
(0(+.l  cm  s'l))  will  increase  the  western  basin  bottom  water  transport  by  only  0.2  Sv.) 
This  single  constraint  eliminates  293  combinations  fiom  further  consideration. 

Figure  9  illustrates  the  western  basin  NADW  and  AABW  transport  for  all  the 
possible  reference  level  combinations  discussed  above.  The  combinations  rejected  due  to 
large  southward  transports  of  AABW  are  shaded,  and,  as  shown  in  Figure  9b,  correspond 
to  the  largest  southward  transports  of  NADW.  As  a  result  of  the  anomalously  low 
transports  of  NADW  shown  in  Figure  5,  we  now  select  from  the  remaining  (unshaded) 
148  combinations  the  20%  (i.c.  30  levels)  that  have  the  greatest  transport  of  NADW. 
These  30  choices  are  shown  by  asterisks  in  Figure  9b.  (Note  that  after  mass  is  balanced  by 
uniformly  adding  a  typical  positive  Vq  to  the  section,  the  southward  flowing  western  basin 
NADW  transport  will  decrease  in  magnitude  by  roughly  3  Sv.) 

Eastern  basin  reference  levels  are  now  chosen  such  that  total  NADW  transport 
(across  the  entire  section)  is  maximized  for  each  of  these  30  combinations.  All  levels 
between  10(X)  db  and  5000  db  (in  100  db  increments)  are  examined.  For  every  one  of  the 
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SO  combinations  found  above,  the  eastern  reference  level  that  maximizes  total  NADW 
transport  (after  balancing  mass),  is  located  at  2100  db. 

In  summary,  levels  of  no  motion  have  been  chosen  that  give  "reasonable"  western 
basin  AABW  transport  and  simultaneously  maximize  total  NADW  transport  These  criteria 
yield  reference  levels  of  1 100  db  for  Region  1,  2100  db  for  Region  4  and  thirty  possible 
reference  level  combinations  for  Regions  2  and  3,  as  depicted  in  Figure  9b,  and  listed  in 
Table  2.  The  resulting  net  transports  are  shown  in  Figure  10.  Error  bars  include  the 
uncertainties  in  the  bottom  triangle,  Ekman,  and  shallow  NBC  transports.  The  error  due  to 
reference  level  choice  is  assumed  to  be  equal  to  the  standard  deviation  of  the  thirty  different 
reference  level  calculations,  and  in  this  case  is  insignificant  in  comparison  to  the  other 
sources  of  error. 

The  transport  results  shown  in  Figure  10  are  clearly  more  reasonable  than  the  initial 
results  shown  in  Figure  3.  For  instance,  the  net  transport  of  AABW  is  now  northward,  in 
agreement  with  previous  current  meter,  tracer  and  CTD  data.  Although  the  southward 
transport  of  deep  water  has  doubled,  it  is  still  considerably  smaller  than  that  obtained  in 
previous  mid-latitude  studies  of  IGY  data  (Hall  and  Bryden  1982;  Rintoul  1991).  Further 
discussion  of  the  discrepancy  in  these  results  is  postponed  to  Section  4.  In  the  following 
section  we  first  examine  in  detail  the  circulation  patterns  resulting  from  the  data  analysis 
methods  described  above,  and  compare  these  with  other  results  of  recent  float,  current 
meter  and  CTD  studies. 


3.  Results 

a.  Horizomal  circulation 

Volume  transport  in  seven  temperature  classes  is  computed  for  each  of  the  reference 
level  combinations  described  in  Table  2.  The  results  for  the  four  different  regions  are 
shown  in  Figures  1 1  (a,  b,  c,  and  d)  respectively.  The  error  bars  on  these  transports 
include  the  uncertainties  in  the  bottom  triangle  (see  Appendix),  Ekman,  and  shallow  NBC 
transports,  as  well  as  the  error  in  our  refo'ence  level  choice  which  again  is  assumed  to  be 
equal  to  the  standard  deviation  of  the  thirty  estimates.  In  contrast  to  the  net  transport 
calculations  (Figure  10),  the  reference  level  errors  dominate  the  error  bars  of  Figiu-e  11. 
The  bottom  triangle  errors  are  significant  only  in  the  AABW  transports,  and  the 
uncertainties  in  the  Ekman  and  shallow  NBC  transports  are  important  only  in  the  eastern 
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basin.  Before  beginning  a  detailed  description  of  the  deep  and  bottom  water  circulation,  a 
brief  overview  of  the  shallow  water  circulation  will  be  presented. 

1)  Shallow  WATERS:  0>4.7'‘c 

Due  to  the  strong  temporal  variability  of  shallow  tropical  waters,  the  circulation  of 
the  upper  waters  near  11°N  is  not  well  known;  however,  one  aspect  of  the  tropical  North 
Atlantic  circulation  that  has  been  the  subject  of  a  number  of  recent  investigations  (Candela 
et  al,  1992;  Johns  et  al.  1992b)  is  the  North  Brazil  Current  (NBC).  Although  this  current 
is  strongly  seasonal  (Cochrane  1979;  Philander  and  Pacanowski  1986)  the  magnitude  of 
the  seasonal  variation  is  not  yet  well  defined.  Recent  studies  indicate,  however,  that  the 
NBC  may  range  from  roughly  10  Sv  in  the  spring  to  as  much  as  30-35  Sv  in  the  fall 
(Candela  et  al.  1992;  Johns  et  al.  1992b).  An  estimate  of  the  NBC  transpon,  which  is 
herein  defined  to  include  the  northwestward  flow  of  0  >  12°C  waters  located  within  250 
km  of  the  western  boundary,  can  also  be  obtained  from  the  1 1®N  section.  The  portion  of 
this  flow  located  over  the  150  km  wide  shelf  was  determined  from  the  ADCP  data  to  be  4.5 
Sv  (T.  Chereskin,  pers.  comm.),  while  the  component  of  this  shallow  flow  in  deeper 
waters  (200  m  -  3000  m)  was  calculated  from  the  first  six  CTD  pairs  to  be  7.3  Sv.  The 
total  NBC  transport  is  thus  estimated  to  be  1 1.8  Sv,  and  agrees  well  with  the  recent  March 
estimates  of  10  - 15  Sv  obtained  by  Candela  et  al.  (1992)  and  Johns  et  al.  (1992b). 

In  order  to  examine  the  horizontal  circulation  of  the  shallow  waters  in  greater  detail, 
we  divide  these  waters  into  4  temperature  classes:  surface  water  (0  >  24°C),  thermocline 
water  (12®  <  0  <  24®C),  lower  thermocline  water  (7®  <  0  <  12°C),  and  AAIW  (4.7°  <  0  < 
7®C).  The  horizontal  circulation  of  each  of  these  temperature  classes  will  now  be  examined 
individually. 

Integrated  transport  of  the  surface  water  is  shown  in  Figure  12a.  The  NBC  is 
evident  as  a  strong  northwestward  flowing  current  banked  up  against  the  western 
boundary  and  extending  roughly  250  km  offshore.  Of  the  total  1 1.8  Sv  NBC  transport, 
9.3  Sv  is  at  temperatures  greater  than  24°C.  Farther  offshore  an  even  larger  13.5  Sv 
southward  counterflow  exists.  At  first  glance  this  current  resembles  the  shallow  NECC 
retroflection.  However,  a  number  of  previous  studies  have  shown  that  typically  the  NECC 
does  not  begin  to  form  until  May,  and  is  nearly  non-existent  in  March  (Richardson  and 
Walsh  1986;  Philander  and  Pacanowski  1986).  It  is  difficult  to  determine  from  this  study 
alone  whether  this  flow  represents  a  particularly  early  formation  (or  late  weakening)  of  the 
NECC,  a  retroflection  eddy  that  has  been  pinched  off  from  the  NBC  retroflection,  or  some 
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other  unrelated  strong  southward  flow.  The  remainder  of  the  western  basin  is  characterized 
by  a  5  Sv  net  northward  flow.  The  eastern  basin  is  almost  entirely  composed  of  waters 
colder  than  24°C.  Summing  the  shallow  NBC  transport  over  the  shelf  (4.5  Sv),  the  Ekman 
transport  (9. 1  Sv),  and  the  net  geostrophic  transport  across  the  entire  section  of  0  >  24°C 
waters  (-7.4  Sv),  yields  a  net  transport  of  surface  waters  across  the  section  of  6.2  Sv.  If 
the  climatological  Ekman  transport  value  of  13.5  Sv  were  used  (which  is  higher  than  the 
Ekman  transport  value  derived  from  in  situ  data  since  the  1 1°N  cruise  was  characterized  by 
particularly  low  winds),  this  estimated  net  surface  water  transport  would  increase  to  10.6 
Sv. 


Integrated  transport  of  the  thermocline  water,  shown  in  Figure  12b,  closely 
resembles  that  of  the  surface  water.  The  NBC  also  penetrates  down  to  this  temperature 
class  and  supplements  the  9.3  Sv  of  0  >  24‘’C  NBC  water  with  an  additional  2.5  Sv, 
yielding  a  total  NBC  transport  of  11.8  Sv.  The  southward  transport  offshore  of  the  NBC 
that  was  evident  in  the  surface  water  is  also  evident  in  the  thermocline  water,  with  the 
combined  (0  >  12°C)  transport  reaching  -20.3  Sv.  As  was  the  case  for  the  surface  water, 
the  eastern  ponion  of  the  western  basin  is  dominated  by  a  net  northward  flow  of 
thermocline  water,  and  only  small  net  flows  occur  within  the  eastern  basin.  The  net 
transport  of  thermocline  water  across  1 1°N  is  -2.6  Sv. 

As  shown  by  Figure  12c,  the  NBC  does  not  penetrate  down  to  the  lower 
thermocline  water;  however,  the  southward  flow  offshore  of  the  NBC  does  extend  down 
to  this  temperature  class  (250  -  650  m)  and  yields  a  total  of  -25.4  Sv  for  this  current.  It  is 
interesting  to  note  that  the  magnitude  of  this  southward  flowing  current  is  more  than  twice 
the  size  of  the  northward  NBC.  The  flow  pattern  across  the  remainder  of  the  section 
resembles  that  of  the  surface  and  thermocline  water,  with  northward  transpon  over  the 
western  side  of  the  MAR,  southward  flow  over  the  eastern  side  of  the  MAR,  and  only 
small  net  flows  within  the  eastern  basin.  The  net  transport  of  lower  thermocline  water 
across  1  l^N  is  -0.6  Sv. 

A  number  of  the  results  discussed  above  can  be  compared  to  the  results  of  a  recent 
study  by  Schmitz  and  Richardson  (1991).  Using  hydrographic  data  from  a  number  of 
Caribbean  passages  as  well  as  from  the  Straits  of  Florida,  they  were  able  to  determine  the 
origin  of  the  surface,  thermocline  and  lower  thermocline  water  within  the  Florida  Current. 
They  found  8.9  Sv  of  0  >  24®C  water  flowing  northward  in  the  Florida  Current.  Of  this 
transport,  they  determined  that  only  1.8  Sv  comes  from  the  North  Atlantic,  and  7.1  Sv 
flows  in  from  the  South  Atlantic.  As  discussed  above,  we  find  10.6  Sv  of  surface  water 
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flowing  northward  across  the  1 1°N  section.  It  is  not  surprising  that  our  value  is  different 
from  that  of  Schmitz  and  Richardson,  since  our  result  is  representative  of  an  average  March 
transport  (since  the  climatological  winds  have  been  used),  while  theirs  is  an  annual 
average.  Furthermore,  it  is  unlikely  that  all  the  surface  waters  crossing  1 1°N  are  entrained 
into  the  Florida  Current.  In  fact,  if  only  the  westernmost  1000  km  (our  Regions  1  and  2) 
are  examined,  a  net  surface  water  transport  of  5.4  Sv  is  found  (4.5  Sv  of  shallow  NBC 
transport,  -4.1  Sv  of  geostrophic  transport,  and  5  Sv  of  Ekman  transport).  This  estimate  is 
in  slightly  better  agreement  with  Schmitz  and  Richardson's  estimate  of  7.1  Sv  and  suggests 
that  the  flow  which  is  entrained  into  the  Florida  Current  may  occur  primarily  within  the  first 
1000  km  of  the  western  basin. 

The  thermocline  and  lower  thermocline  waters  provide  additional  evidence  that  most 
of  the  Florida  Current  waters  of  southern  origin  cross  our  section  within  the  westernmost 
1000  km.  Within  the  Florida  Current,  Schmitz  and  Richardson  (1991)  found  13.8  Sv  of 
thermocline  water,  with  13  Sv  originating  in  the  North  Atlantic  and  0.8  Sv  coming  from  the 
South  Atlantic.  The  net  transpon  between  12°  <  0  <  24°C  crossing  our  1 1°N  section  is  -2.6 
Sv  (southward),  again  in  support  of  a  North  Atlantic  origin  for  this  water  class. 
Furthermore,  if  the  thermocline  water  is  examined  only  within  the  westernmost  1000  km  of 
our  section,  we  find  a  net  northward  transport  of  0.2  Sv  which  is  in  reasonable  agreement 
with  the  0.8  Sv  estimate  of  Schmitz  and  Richardson. 

The  same  general  pattern  occurs  in  the  7°  <  0  <  12‘’C  water.  For  this  temperature 
class  Schmitz  and  Richardson  (1991)  found  6.1  Sv  flowing  in  the  Florida  Current,  5  Sv  of 
which  originated  in  the  South  Atlantic.  The  net  transport  of  lower  thermocline  water  across 
our  1 1°N  section  is  -0.7  Sv  —  a  value  which  is  much  smaller  than,  and  of  the  opposite  sign 
to  that  predicted  by  Schmitz  and  Richardson.  However,  the  northward  flow  of  4.7  Sv 
within  the  westernmost  KKX)  km  (see  Figures  ll(a,b))  is  consistent  with  the  5  Sv  expected 
by  Schmitz  and  Richardson  to  cross  the  equator  and  enter  the  Florida  Current.  Further 
examination  of  our  data  yields  another  equally  valid  possibility:  the  4.7  Sv  may  locally 
recirculate  (instead  of  continuing  northward  into  the  Florida  Current),  and  return  3.9  Sv 
southward  along  the  western  side  of  the  MAR  (see  Figure  1  Ic).  From  our  data  alone  it  is 
impossible  to  distinguish  between  these  two  possibilities. 

Very  little  is  known  about  the  circulation  and  transports  of  AAIW.  As  Schmitz  and 
McCartney  (1992)  state:  "The  circulation  of  Antarctic  Intermediate  Water  is  virtually 
unexplored..."  As  a  result,  there  are  few  other  estimates  of  AAIW  with  which  our  results 
can  be  compared.  Furthermore,  the  strong  eddy  activity  characterizing  this  water  mass 


-23- 


causes  the  AAIW  transports  to  be  extremely  sensitive  to  the  horizontal  limits  of  integration. 
In  Figure  11,  for  example,  the  transports  of  AAIW  which  indicate  an  anticyclonic 
circulation  within  the  western  basin,  are  primarily  an  artifact  of  the  specific  divisions  we 
have  chosen  between  Regions  1-3.  This  is  evident  from  Figure  12d,  which  shows  little 
evidence  of  such  a  well-defined  anticyclonic  flow  pattern.  Figures  lid  and  12d  indicate 
considerable  eddy  activity  with  only  small  net  transports  of  AAIW  within  the  eastern  basin. 
This  is  consistent  with  the  salinities  found  at  800  m  in  the  eastern  basin,  which  are  slightly 
higher  than  those  found  at  similar  depths  within  the  western  basin  (see  Figure  7b). 

One  of  the  few  studies  that  yield  AAIW  transport  estimates  with  which  our  results 
can  be  compared,  is  that  of  Richardson  and  Schmitz  (1992).  They  present  results  for 
neutrally  buoyant  SOFAR  floats  which  were  deployed  at  nominal  depths  of  800  m  along 
the  cruise  track  of  our  ll^N  section.  Within  200-300  km  of  the  western  boundary  the 
floats  were  dominated  by  a  northwestward  along-boundary  transport.  The  transport  per 
unit  depth  of  these  floats,  when  integrated  seaward  from  the  western  boundary,  reached  a 
maximum  of  5.8  ±  1.8  x  10^  m^-s'^  roughly  300  km  offshore.  A  similar  integration  of  our 
CTD  dau  at  depths  between  700  and  900  m  yields  a  maximum  transport  per  unit  depth  of  7 
X  10^  m2-s'l,  in  good  agreement  with  the  value  of  Richardson  and  Schmitz  (1992). 

2)  DEEP  WATERS:  0<4.7‘’C 

In  comparison  with  the  AAIW,  the  NADW  is  a  rather  well  studied  water  mass.  As 
early  as  in  the  1930's  (Wust  1935)  the  NADW  was  found  to  have  three  cores,  each  with  its 
own  distinct  charaaeristics  and  formation  site.  Wust  identified  the  upper  NADW  by  a  deep 
salinity  maximum  and  attributed  this  to  the  Mediterranean  outflow.  He  also  found  the 
middle  NADW  to  contain  a  maximum  in  dissolved  oxygen  concentration  which  he  traced 
back  to  the  Labrador  Sea.  He  believed  that  the  lower  NADW,  characterized  by  a  second, 
deeper  oxygen  maximum,  was  formed  by  deep  winter  convection  in  the  region  south  of 
Greenland. 

More  recent  studies  have  supported  the  existence  of  the  three  NADW  cotes,  which 
have  now  been  found  to  be  most  clearly  identified  by  means  of  the  chloroflourocarbon  FI  1 
(Molinari  et  al.  1992).  The  upper  NADW  is  characterized  by  a  maximum  in  FI  1,  below 
which  lies  a  relative  minimum  of  Fll  associated  with  the  middle  NADW.  A  second  FI  1 
maximum  identifies  the  lower  NADW.  For  the  purpose  of  this  study,  the  three  layers  of 
NADW  have  been  defined  by  the  isotherms  corresponding  to  the  bounds  Molinari  et  al. 
(1992)  found  on  the  FI  1  layers  they  observed  in  the  western  tropical  Atlantic.  (See  Table 
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1.)  The  circulation  of  each  of  these  three  NADW  cores  as  well  as  that  of  the  AABW  will 
now  be  discussed  in  succession. 

Although  the  general  trends  of  the  upper  NADW  circulation  can  be  seen  from  the 
bar  graphs  of  Figure  11,  the  details  of  the  horizontal  circulation  become  clearer  if  the 
integrated  transport  of  the  upper  NADW  (Figure  12e)  is  examined.  Here  we  see  the  strong 
southward  flow  of  upper  NADW  banked  up  against  the  western  boundary.  Between  3(X) 
and  8(X)  km  offshore  there  appears  to  be  a  considerable  amount  of  eddy  activity,  with  only 
a  small  additional  transport  of  upper  NADW.  Half  of  the  upper  NADW  appears  to 
recirculate  back  northward  in  a  very  narrow  current  located  directly  over  the  deepest  part  of 
the  western  basin.  The  remainder  of  the  western  basin  is  characterized  by  a  small 
southward  flow  over  the  western  side  of  the  MAR,  and  a  small  northward  return  flow  is 
evenly  distributed  over  the  eastern  basin. 

A  schematic  of  the  upper  NADW  circulation  appears  in  Figure  13a.  At  1 1°N  the 
upper  core  of  the  Deep  Western  Boundary  Current  (DWBC)  is  shown  to  have  a  magnitude 
of  12  Sv.  Since  half  of  this  transport  appears  to  recirculate  northward,  the  net  southward 
flow  of  upper  NADW  is  only  6  Sv.  Although  at  certain  times  this  current  may  continue 
southward  across  the  equator,  at  other  times  it  may  veer  eastward  along  the  equator  as 
shown  by  the  recent  SOFAR  float  data  of  Richardson  and  Schmitz  (1992).  Another 
interesting  feature  of  the  upper  NADW  circulation  is  the  2  Sv  southward  flow  occurring 
along  the  western  side  of  the  MAR.  Half  of  this  transport  may  flow  eastward  through  the 
Verna  Fracture  Zone  (M.  McCartney  pers.  comm,),  while  the  remainder  may  continue 
southward  and  eventually  become  entrained  either  into  the  eastward  flow  along  the  equator, 
or  into  the  southward  flow  along  the  western  boundary  (Richardson  and  Schmitz  1992; 
McCartney  1992b).  The  remainder  of  the  section  is  characterized  by  a  small  net  northward 
transport  of  3  Sv  distributed  evenly  over  the  eastern  basin. 

Although  the  circulation  patterns  of  upper  NADW  have  rarely  been  examined  within 
the  eastern  basin,  a  number  of  recent  studies  have  concentrated  on  deep  water  transport 
within  the  western  basin.  For  instance,  after  analyzing  a  number  of  hydrographic  sections 
between  0®  and  14.5°N  (taken  between  1987  and  1989),  Molinari  ct  al.  (1992)  arrived  at  a 
slightly  smaller  average  value  of  -4.4  ±  2.3  Sv  for  the  transport  of  upper  NADW  within  the 
DWBC.  Our  results  can  also  be  compared  with  those  of  Speer  and  McCartney  (1992), 
who  also  determined  upper  NADW  transport  from  hydrographic  data  in  the  tropical 
Atlantic.  Since  they  divided  the  NADW  into  only  two  layers,  in  contrast  to  our  three,  their 
defirution  of  upper  NADW  differs  from  ours.  By  defining  this  core  of  NADW  to  include 
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the  water  near  the  western  boundary  between  1200  m  and  2900  m  depths,  they  found  a 
transport  of  -16.8  Sv  across  13”N  and  -12.6  Sv  across  7°-10°N.  The  application  of  their 
definition  of  upper  NADW  to  our  data  yields  a  transport  of  -1 1  Sv,  in  good  agreement  with 
their  7°-10°N  estimate. 

The  SOFAR  float  data  of  Richardson  and  Schmitz  (1992)  also  give  supporting 
evidence  for  a  strong  southward  flow  of  upper  NADW  along  the  western  boundary. 
Integrating  the  velocities  obtained  from  their  1800  m  floats  over  the  100  km  width  of  the 
current  yielded  a  transport  per  unit  depth  of  -13.8  x  10^  m^  s'^  By  assuming  that  the 
upper  NADW  extends  from  900  m  down  to  2800  m,  Richardson  and  Schmitz  also 
computed  a  transport  of  -15  Sv  for  this  current.  A  similar  100  km  zonal  integration  of  our 
CTD  data  between  1700  and  1900  m  yields  an  average  transport  per  unit  depth  of  -10.5  x 
10^  m^  s'^  in  good  agreement  with  the  analogous  value  obtained  by  Richardson  and 
Schmitz.  However,  our  CTD  data  shows  that  this  upper  core  extends  only  between  1500 
m  and  2500  m.  This  can  be  most  clearly  seen  from  Figure  8b,  where  it  is  clear  that  1000  m 
is  a  level  of  northward  travelling  AAIW,  and  not  southward  travelling  upper  NADW.  As  a 
result,  their  transport  of  -15  Sv  is  larger  in  magnitude  than  our  corresponding  transport 
(i.e.  only  over  100  km  width)  of  -8  Sv.  The  float  data  of  Richardson  and  Schmitz  also 
yielded  an  estimate  for  the  upper  NADW  recirculation  of  5.8  Sv.  This  value  closely 
matches  the  6  Sv  of  recirculation  found  in  this  study  (Figure  12e  and  Figure  13a); 
however,  as  a  result  of  the  large  possible  errors  Richardson  and  Schmitz  associated  with 
their  value,  this  agreement  may  be  fortuitous. 

The  circulation  of  the  middle  core  of  NADW  is  similar  to  that  of  the  upper  core,  in 
that  it  also  contains  a  strong  southward  flow  banked  up  against  the  western  boundary.  As 
shown  in  Figure  12f,  the  southward  transport  of  middle  NADW  is  located  directly  beneath 
that  of  the  upper  NADW.  Within  the  center  of  the  western  basin  Lhe  flow  is  extremely 
quiet,  with  almost  no  eddy  activity  and  only  a  small  net  northward  flow.  The  recirculation 
of  the  middle  NADW  is  extremely  strong  with  the  entire  southward  flow  along  the  western 
side  of  the  western  basin  returning  northward  along  the  western  flank  of  the  MAR,  causing 
the  net  flow  of  middle  NADW  within  the  western  basin  to  be  indistinguishable  from  zero. 
A  second  cyclonic  recirculation  is  apparent  within  the  eastern  basin  consisting  of  a  small 
southward  flowing  current  along  the  eastern  side  of  the  MAR,  and  a  larger  net  northward 
flow  evenly  distributed  over  the  remainder  of  the  section. 

Middle  NADW  circulation  patterns  are  presented  schematically  in  Figure  13b. 
Within  the  DWBC  the  magnitude  of  this  water  mass  was  found  to  be  5  Sv,  and  agrees  well 
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with  the  -6.3  ±2.1  Sv  of  middle  NADW  transport  observed  by  Molinari  et  al.  (1992).  A 
comparison  of  this  circulation  pattern  with  that  of  Figure  13a  illustrates  that  the  northward 
return  flow  of  middle  NADW  is  located  farther  to  the  east  than  the  corresponding  return 
flow  of  upper  NADW.  The  southward  current  along  the  western  boundary  (within  the 
DWBC)  combined  with  a  northward  current  of  a  similar  magnitude  along  the  western  side 
of  the  MAR  yields  zero  net  northward  transport  within  the  western  basin. 

The  origin  of  the  current  flowing  northward  along  the  western  flank  of  the  MAR  is 
not  well  known.  As  shown  by  the  0-S  plots  of  Figure  4  and  the  nutrient  data  of  Figure  7, 
the  original  formation  site  of  this  water  mass  may  be  the  northern  North  Atlantic. 
However,  it  is  possible  that  a  pordon  of  the  northward  flowing  deep  water  observed  in  the 
eastern  South  Adanuc  (Warren  and  Speer  1991)  flows  into  the  western  basin  via  one  (or 
more)  of  the  various  fracture  zones  in  the  MAR.  The  middle  NADW  may  then  flow 
northward  along  the  western  side  of  the  MAR,  thus  supplementing  the  cyclonic 
recirculation  gyre  within  the  western  basin.  The  lower  FI  1  values  (Molinari  et  al.  1992) 
and  the  slight  relative  minimum  in  dissolved  oxygen  (Figure  7c)  present  within  the  middle 
core  of  NADW  also  support  our  hypothesis  that  at  one  time  this  water  mass  has  been 
resident  within  the  South  Atlantic,  and  is  thus  slightly  older  than  its  upper  and  lower 
counterpans. 

As  illustrated  in  Figure  12f,  a  rather  curious  aspect  of  the  middle  NADW  circulation 
is  the  net  northward  transpon  of  this  water  mass  across  our  1 1®N  section.  This  rather 
robust  result  of  this  study  (i.e.  relatively  independent  of  reference  level  and  Ekman 
transpon  choices)  is  caused  by  the  negligible  net  flow  within  the  western  basin  combined 
with  a  small  net  northward  flow  within  the  eastern  basin.  A  possible  circulation  pattern  for 
the  eastern  basin  is  presented  schematically  in  Figure  13b.  Roughly  1  Sv  of  the  northward 
flowing  current  baitked  up  against  the  western  side  of  the  MAR  may  flow  eastward  through 
the  Verna  Fracture  Zone  (McCartney  pers.  comm.).  Additional  middle  NADW  was 
observed  to  flow  nonhward  across  11®S  (Warren  and  Speer  1991)  and  may  continue 
northward  through  the  Kane  Gap  and  also  become  entrained  into  this  recirculation  gyre. 
Partly  as  a  result  of  the  local  topography  (i.e  the  Sierra  Leone  Ridge  and  the  C!ape  Verde 
Islands)  1  Sv  of  this  flow  recirculates  cyclonically  within  the  eastern  basin  and  is 
accompanied  by  a  2  Sv  net  throughflow  along  the  eastern  side  of  the  MAR.  Evidence  of 
this  western  intensification  of  the  middle  NADW  within  the  eastern  basin  is  shown  in  the 
nutrient  data  of  the  recent  subtropical  Atlantic  sections  of  Roemmich  and  Wunsch  (198S). 
Here  properties  generally  associated  with  the  NADW  (such  as  low  phosphate  and  high 


-27- 


oxygen)  are  found  intensified  over  the  eastern  flank  of  the  MAR  at  both  24°N  and  at  36°N. 
Unfortunately,  since  most  previous  deep  circulation  studies  have  been  carried  out  within 
the  western  basin  and  furthermore  since  the  NADW  frequently  has  been  divided  into  only 
two  layers,  there  are  few  previous  transport  estimates  with  which  these  proposed 
circulation  patterns  can  be  compared. 

The  integrated  transport  of  lower  deep  water  is  shown  in  Figure  12g.  There  is 
obviously  much  variability  in  this  lower  NADW,  and  the  southward  flow  is  not  as  western 
intensified  as  it  was  for  the  upper  and  middle  NADW  cores.  The  net  southward  transport 
of  lower  NADW  is  located  considerably  offshore  of  these  two  shallower  cores  and  resides 
primarily  within  Region  2.  Roughly  a  third  of  this  flow  is  recirculated  northward  along  the 
western  side  of  the  MAR  directly  beneath  the  middle  NADW.  A  second  cyclonic 
recirculation  appears  in  the  eastern  basin.  Southward  flow  is  evident  over  the  eastern  side 
of  the  MAR  while  the  remainder  of  the  eastern  basin  is  dominated  by  a  relatively  large  net 
northward  flow. 

Schematic  circulation  patterns  for  the  lower  NADW  are  shown  in  Figure  1 3c.  The 
western  basin  is  dominated  by  a  5  Sv  cyclonic  recirculation  cell  which  extends  as  far  south 
as  the  Ceara  Rise,  and  perhaps  as  far  north  as  15“N  (Molinari  et  al.  1992),  or  even  30°N 
(McCartney  1992b).  Associated  with  this  recirculation  is  a  net  throughflow  of  -7  Sv  which 
presumably  crosses  the  equator  as  part  of  the  DWBC.  The  sections  of  Molinari  et  al. 
carried  out  between  0  and  14.5°N  gave  an  average  transport  of  -13.0  ±  2.7  Sv  within  this 
temperature  class  of  the  DWBC.  This  estimate  agrees  well  with  the  -12  Sv  of  lower 
NADW  we  find  flowing  across  the  11°N  section.  In  a  recent  study  by  Speer  and 
McCartney  (1992),  the  lower  NADW,  defined  as  all  flow  between  2900  and  4400  m,  was 
found  to  transport  -8.4  Sv  of  lower  NADW  along  the  western  boundary  across  13°N,  and 
- 13.2  Sv  across  7“N  -  10°N.  Applying  this  definition  to  our  data,  we  find  that  -10.5  Sv  is 
flowing  across  our  section,  in  good  agreement  with  the  estimates  of  Speer  and  McCartney 
(1992). 


A  second  recirculation  gyre  of  lower  NADW  occurs  within  the  eastern  basin.  This 
cell  is  considerably  greater  in  magnitude  (6  Sv)  than  that  of  the  middle  NADW  (1  Sv) 
illustrated  in  Figure  13b.  McCartney  (pers.  comm.)  has  found  that  there  may  be  a  small 
amount  of  lower  NADW  (0.5  -  1  Sv)  flowing  eastward  through  the  Verna  Fracture  Zone. 
Warren  and  Speer  (1991)  found  1.8  Sv  flowing  northward  across  ll^S  within  the  eastern 
basin  between  2400  and  4000  db.  Although  this  pressure  interval  corresponds  roughly  to 
2.0®  -  2.7®C  and  thus  contains  most  of  the  lower  NADW  as  well  as  some  of  the  middle 
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NADW,  it  is  reasonable  to  assume  that  at  least  i  Sv  of  lower  NADW  is  flowing  into  the 
tropical  North  Atlantic  via  the. Kane  Gap.  These  two  flows  through  the  Vema  and  the  Kane 
Gap  may  become  entrained  into  the  recirculation  gyre  and  ultimately  yield  a  2  Sv  net 
northward  throughflow  of  lower  NADW.  Partly  as  a  result  of  the  surrounding 
topography,  this  current  is  intensified  against  the  eastern  flank  of  the  MAR.  Evidence  of 
this  flow  again  can  be  seen  in  the  nutrient  data  of  the  recent  subtropical  Atlantic  sections 
(Roemmich  and  Wunsch  1985)  discussed  above. 

Beneath  the  lower  NADW  resides  the  AABW.  As  shown  in  Figure  10,  a  net 
AABW  transport  of  2.1  Sv  is  found  crossing  our  11°N  section.  This  result  agrees  well 
with  earlier  results  of  Wright  (1969),  who  by  means  of  a  box  model  found  1.4  Sv  of 
AABW  crossing  16°N,  and  Wright  (1970),  who  using  IGY  data  found  2.7  Sv  of  AABW 
crossing  8°N.  Our  transport  of  AABW  is  slightly  smaller  than  more  recent  estimates  of 
bottom  water  flow  within  the  tropical  North  Atlantic.  For  instance,  McCartney  (1992a) 
calculated  the  transport  of  0  <  1.9°C  water  across  13°N  to  be  3.5  -  4.5  Sv.  McCartney 
(1992a)  calculated  the  transport  of  0  <  1.9°C  across  4°N  in  the  western  basin  to  be  between 
2,7  and  4.3  Sv,  depending  on  the  method  used  for  bottom  triangle  extrapolation. 

Transpon  of  AABW  integrated  seaward  from  the  western  boundary  is  shown  in 
Figure  12h.  Here  we  see  that  although  there  is  a  significant  recirculation  of  AABW  within 
the  western  basin,  almost  all  of  the  net  2,1  Sv  of  AABW  flows  across  the  eastern  basin. 
This  is  somewhat  counterintuitive,  since  the  Walvis  Ridge  at  30°S  blocks  northward  flow 
of  AABW  within  the  eastern  basin.  Although  within  the  South  Atlantic  the  AABW  is 
forced  to  flow  northward  almost  entirely  within  the  western  basin,  this  water  may  enter  the 
eastern  basin  of  the  tropical  North  Atlantic  by  means  of  deep  fracture  zones  in  the  MAR. 
Two  particular  locations  where  AABW  may  flow  through  the  MAR  are  at  the  Romanche 
Fracture  Zone  on  the  equator  (Warren  and  Speer  1991),  or  at  the  Vema  Fracture  Zone  just 
south  of  our  section  (McCartney  et  al.  1991).  Transport  results  from  our  section  indicate 
that  nearly  all  of  the  northward  flowing  AABW  may  flow  through  these  fracture  zones  in 
the  MAR,  resulting  in  a  significant  flow  of  AABW  within  the  eastern  basin  and  a  negligible 
net  transport  in  the  western  basin.  However,  it  must  be  realized  that  this  insignificant  net 
flow  of  AABW  in  the  west  is  partially  an  artifact  of  our  definition  of  AABW.  For  instance, 
if  we  had  defined  the  AABW  to  include  all  water  with  0  <  1.7°C,  we  would  have  found  a 
net  northward  flow  within  the  western  basin  of  1.1  Sv. 

A  schematic  for  the  AABW  circulation  appears  in  Figure  13d.  A  3  Sv  recirculation 
gyre  is  illustrated  in  the  western  basin  with  a  possible  throughflow,  as  indicated  by  the 
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results  of  this  study,  of  less  than  1  Sv.  The  2  Sv  flow  of  AABW  through  the  Verna 
Fracture  Zone  and  the  1  Sv  cyclonic  recirculation  cell  within  the  eastern  basin  strongly 
support  the  results  of  McCartney  et  al.  (1991).  As  a  result  of  local  topography,  the  2  Sv 
net  northward  flow  of  AABW  most  likely  enters  the  subtropical  North  Atlantic  along  the 
eastern  flank  of  the  MAR. 

The  most  frequently  studied  feature  of  the  deep  North  Atlantic  circulation  is  the 
DWBC,  and  thus  it  merits  some  additional  discussion.  Definitions  of  the  DWBC  vary 
widely,  depending  primarily  on  the  type  of  data  (CTD's,  current  meters,  or  floats)  used  to 
obtain  an  estimate  of  its  transpon.  In  this  study  the  magnitude  of  the  DWBC  is  defined  as 
the  maximum  southward  transport  of  6  <  4.7°C  integrated  seaward  from  the  western 
boundary.  As  shown  in  Figure  14,  this  yields  a  transport  of  26.5  ±  1.8  Sv  for  the  DWBC, 
where  the  error  bar  includes  the  uncertainties  in  the  bottom  triangle  transport,  as  well  as  the 
reference  level  error  (again  defined  as  the  standard  deviation  of  the  results  of  the  thirty 
reference  level  combinations).  As  a  result  of  the  small  percentage  of  the  total  section  area 
the  DWBC  occupies,  the  uncertainties  in  the  Ekman  and  shallow  NBC  transports  are 
insignificant.  A  number  of  previous  DWBC  transport  estimates  appear  in  Table  3.  Our 
estimate  is  consistent  with  most  of  these  estimates,  and  agrees  particularly  well  with  the 
more  recendy  obtained  values. 

A  number  of  authors  have  also  hinted  that  within  the  tropical  North  Adantic  a  large 
portion  of  this  DWBC  may  be  recirculated  (McCaitney  1992b;  Johns  et  al.  1992a;  Molinari 
ct  al.  1992),  as  it  has  been  observed  to  do  farther  north  in  the  mid-latitudes.  Results  from 
this  analysis,  as  shown  in  Figure  14,  confirm  the  existence  of  such  a  recirculation,  and 
furthermore  yield  an  estimate  of  12.4  Sv  for  the  northward  return  flow  over  the  western 
flank  of  the  MAR. 

b.  Meridional  transports 

The  horizontal  circuladon  patterns  resulting  from  the  analysis  techniques  described 
in  Section  2  were  shown  above  to  be  consistent  with  almost  all  recent  current  meter,  float, 
and  CTD  data  from  the  tropical  North  Adantic.  In  this  section,  however,  we  will  see  that 
the  net  volume  and  heat  fluxes  crossing  1 1°N  are  significandy  smaller  than  many  previous 
estimates,  while  the  freshwater  flux  is  slighdy  larger.  In  the  remainder  of  this  section  each 
of  these  fluxes  will  be  computed  and  briefly  compared  with  other  estimates.  Section  4 
contains  a  discussion  of  the  possible  causes  for  the  discrepancies  in  these  net  meridional 
fluxes. 
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1)  VOLUME  TRANSPORT 

Within  the  Atlantic  a  meridional  overturning  cell  is  known  to  exist,  where  warm 
surface  waters  flow  northward  and  cold  deep  waters  flow  southward.  As  defined  here, 
this  cell  is  composed  of  the  NADW  and  AABW  transports  (0  <  4.7°C),  or  equivalently  the 
AAIW,  lower  thermocline,  thermocline,  and  surface  water  transports  (0  >  4.7°C).  The 
meridional  overturning  cell  for  this  section  is  5.2  ±1.6  Sv,  as  shown  in  Figure  10.  A 
comparison  of  this  result  with  estimates  from  a  number  of  other  studies  appears  in  Table  4. 
Although  our  result  supports  some  of  the  recent  modelling  estimates  listed  here,  it  is  only  a 
third  the  size  of  many  of  the  results  obtained  directly  from  hydrographic  IGY  data. 
Possible  explanations  for  the  differences  in  these  results  are  discussed  in  Section  4. 

2)  Heat  TRANSPORT 

Total  heat  transport  across  the  1 1°N  section,  Hn,  can  be  expressed  as  the  sum  of 
three  components: 


Hji  =  Hg+H^+Hg,  (1) 

where  Hw  is  the  net  heat  transpon  (geostrophic  plus  Ekman)  between  the  Brazil  coast  and 
the  first  CTD  station,  and  He  and  Hg  are  the  Ekman  and  geostrophic  heat  transports  across 
the  rest  of  the  1 1°N  section.  These  heat  transport  components  must  be  defined  relative  to  a 
specific  temperature.  Since  we  allow  no  net  meridional  mass  transport  across  the  section, 
the  total  heat  transport,  Hu,  will  be  independent  of  this  reference  temperature.  As 
discussed  by  Bryden  et  al.  (1991),  however,  the  relative  sizes  of  the  components  do 
depend  on  their  specific  definitions.  Unless  otherwise  indicated,  the  components  of  Hi  i 

will  be  defined  relative  to  the  area  averaged  mean  temperature  of  the  section:  0  =  4.38°C. 
The  Ekman  heat  transport  component  is  approximated  as: 

H.  =  I  JpCp(0.-6)v.dxdz  =  pCp(r.-e)M., 

where  p  is  the  density  of  seawater,  Cp  is  the  specific  heat  capacity  of  seawater  at  constant 
pressure,  6e  is  the  potential  temperature  within  the  Ekman  layer,  Ve  is  the  Ekman  velocity, 
and  Me  is  the  Ekman  transport  (An  overbar  denotes  a  mean  value.)  As  described  in 
Section  2b,  Ekman  transport  across  the  1 1°N  section  is  estimated  to  be  9. 1  ±  1 .8  Sv  with  a 


-31- 


mean  penetration  depth  of  roughly  100  m  (Chereskin  and  Roemmich  1991).  If  we  assume 
the  Ekman  velocity  decreases  linearly  with  depth,  then  we  may  reasonably  estimate  the 
mean  potential  temperature  of  the  Ekman  layer  as  a  weighted  average  of  the  temperatures  at 
the  top  and  bottom  of  this  layer  (e.g.  Hall  and  Bryden  1982): 

—  20  (z  =  0  m)  +  0  (z  =  1(X)  m) 

- 3  •  (2) 

Thus  the  Ekman  heat  transport  component  across  the  11°N  section  is  summarized  as  a 
northward  transport  of  9. 1  Sv  at  an  average  temperature  of  22. 1  °C: 

He  =  (4.09X  10^Jcm'^°C‘')  •  (22.1±0.3°C-4.38°C)  •  (9.1±  1.8x  lO^m^s'^) 

=  6.6±  1.3  X  10^'‘w. 

The  heat  transport  over  the  western  continental  shelf  can  be  approximated  as: 

Hw  =  I  J  p  Cp(  0,^-0  jv^dxdz  =  pCp(  0^-0  )m,^. 

»60m  ^lOOtan 

The  mass  transport  over  the  shelf,  Mw,  was  computed  from  the  ADCP  data  to  be  4.5  ±  1.0 
Sv,  as  described  in  Section  2b.  Since  no  temperature  data  was  taken  along  with  the  ADCP 
velocities  on  the  continental  shelf,  temperatures  from  the  first  CTD  station  were  used  to 
estimate  the  average  temperature  of  this  transport  to  be  26.5  ±  1.5  °C.  Although  the  error 
on  this  temperature  estimate  is  large,  it  is  nearly  negligible  in  the  following  calculation,  i.e. 
the  error  of  Hw  is  dominated  by  the  uncertainty  in  the  transport  value,  not  in  the 
temperature  value.  The  shallow  NBC  heat  flux  component  is  thus  composed  of  a  transpon 
of  4.5  Sv  at  an  average  temperature  of  26.5  °C,  or: 

=  (4.09xl0^Jcm'^°c  ‘)- (26.5  ±1.5  “C- 4.38  “C)- (4.5 +1.0x10^  m^  s  ’) 

=  4.1  ±0.9  xio’^’w. 

Geostrophic  heat  transport  is  given  by: 

Hg  =  j  |pCp(0-e  jvdxdz. 

Velocity  can  be  broken  down  into  two  components,  v  =  Vg  +  v^ ,  where  Vg  is  geostrophic 
velocity  assuming  the  reference  level  is  a  level  of  no  motion,  and  v©  is  the  uniform  velocity 
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added  to  the  section  to  conserve  mass,  i.e.  the  ’true’  velocity  at  the  reference  level.  The 
above  integral  can  thus  be  rewritten  as: 


where  A  represents  the  area  of  the  11°N  section.  Because  Hg  is  defined  relative  to  the 

section  averaged  temperature,  0,  the  term  representing  heat  transport  due  to  the  uniform 
velocity  Vq  is  identically  zero.  'The  term  containing  Vg  is  integrated  over  all  CTD  pairs  in 
the  1 1°N  section  for  each  of  the  reference  level  combinations  described  in  Table  2.  The 
mean  result  is  a  geostrophic  transport  of  -13.6  Sv  at  an  average  temperature  of  19.5  °C,  or 
Hg  =  -8.4  ±  0.1  X  10^4  W.  The  error  bar  represents  the  standard  deviation  of  the  thirty 
estimates. 

Summing  the  three  components  He,  H^  and  Hg,  yields  a  total  heat  transport  across 
11°N  of  Hii  =  2.3  ±  1.6  X  10*^  W.  Since  the  heat  flux  in  the  Atlantic  is  so  closely 
correlated  with  the  meridional  ovenuming,  it  is  not  surprising  that  this  heat  transport 
estimate  is  also  rather  low.  As  shown  in  Table  5,  our  value  is  considerably  smaller  than  a 
number  of  previous  tropical  North  Atlantic  heat  flux  estimates.  Unfonunately,  since  most 
of  the  studies  listed  in  Table  5  do  not  provide  error  bars  for  their  heat  flux  values,  it  is 
difficult  to  determine  whether  our  estimate  is  consistent  with  any  of  these  estimates. 
Further  discussion  of  the  discrepancy  in  these  results  is  postponed  to  Section  4. 

3)  FRESHWATER  TRANSPORT 

Freshwater  transport,  defined  as  the  component  of  seawater  flux  that  is  pure  water, 
can  be  determined  by  means  of  mass  and  salt  conservation  equations.  As  shown  below, 
these  equations  represent  the  mass  and  salt  balances  for  the  region  including  both  the  Arctic 
and  the  Atlantic  Oceans,  and  are  illustrated  schematically  in  Figure  15. 

Mass  Conservation: 

0  =  pMbs  +  F  +  pMc  +  pM,^  +  pMg  +  pMb  (3) 

In  our  previous  volume  and  heat  transport  calculations,  the  North  Atlantic  was  treated  as  a 
closed  basin  with  the  net  mass  transport  across  11°N  assumed  to  be  identically  zero. 
However,  the  flow  entering  the  Atlantic  via  the  Bering  Strait,  Mbs.  must  be  considered 
when  balancing  freshwater.  Coachman  and  Aagaard  (1988)  find  the  magnitude  of  this 
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throughflow  to  be  0.8  ±0.1  Sv.  The  net  gain  of  freshwater  (i.e.,  precipitation  minus 
evaporation  plus  land  runoff)  integrated  from  the  Bering  Strait  to  11°N  in  the  Atlantic  is 
denoted  F  and  is  one  of  the  two  unknowns  in  the  above  equation.  The  Ekman,  western 
boundary,  and  geostrophic  components  of  northward  mass  transport  across  1 1°N  are 
represented  by  Me,  Mw,  and  Mg  respectively.  As  discussed  in  Section  2,  Mg  has  been 
defined  to  exactly  balance  the  sum  of  Me  and  Mw^ 

=  //(Vg  +  Vo)dxdz  =  -(Mg-i-M^) 

To  allow  for  the  possibility  that  the  net  transport  across  the  section  is  not  identically  zero 
(i.e.,  Mbs  need  not  balance  F  exactly)  a  small  unknown  barotropic  component  of  mass 
transport  across  1 1°N,  Mb,  has  been  included  in  the  above  equation.  This  is  equivalent  to 
acknowledging  that  the  small  evaporative  mass  fluxes  that  were  negligible  in  the  previous 
heat  and  volume  transport  calculations  are  now  an  important  component  of  the  freshwater 
transport.  Our  neglect  of  Mb  until  now  can  be  justified  a  posteriori  by  examining  the 
magnitude  of  this  term.  Since  the  value  of  p  does  not  vary  substantially  from  one,  it  will 
be  omitted  in  the  remaining  calculations. 

Salt  Conservation: 

0  =  MbsSbs  **■  MeSe+ M^,S^,+ MfeS  +  MgSg  (4) 

Long-term  measurements  indicate  that  the  transport  averaged  salinity  of  the  Bering  Strait 
throughflow,  Sbs  .  is  32.5  psu  (Coachman  and  Aagaard  1988).  The  Ekman  and  western 
boundary  salinities,  =  36.00  ±  0.05  and  S^tr*  =  36.20  ±  .05  are  computed  by  transpon 

weighted  averages,  in  the  same  manner  as  0^  and  0^  were  determined  in  the  previous 
section.  (See  equation  (2),)  The  area  averaged  salinity  for  the  1 1°N  section  is  denoted  by 
S  =  34.95  psu,  while  the  transport  averaged  salinity  is  defined  by: 

_  f  fvS  dxdz 

S„  =  -  =  36.37  ±  0.02  psu. 

Mg 

Combining  Equations  (3)  and  (4)  and  solving  for  F,  yields: 
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F  =  i[M.(S,-S)  +  M„(S.-S]  +  MjISg-S)  +  MbsISbs-S)] 

=  34W  [(S-1)  (36.0 -34.95)  +  (4.5X36.2-34.95) 

+  (-13.6)  (36.37 -34.95)  +  (0.8)  (32.5  -  34.95)  ]  Sv 
=  -0.17  Sv 

The  sign  of  this  result  indicates  that  within  this  region,  including  both  the  North  Atlantic 
and  Arctic  Oceans,  net  evaporation  exceeds  precipitation  and  land  runoff. 

The  quantity  we  wish  to  determine  is  the  freshwater  transport  crossing  11°N,  i.e. 
Fii.  This  can  be  expressed  in  terms  of  the  net  gain  of  freshwater  integrated  between  the 
Bering  Strait  and  11“N,  F,  and  the  freshwater  transport  through  the  Bering  Strait,  Fes- 
Above  we  determined  that  F  =  -0. 17  Sv,  while  Fes  is  simply  given  by: 

Fbs  =  Mbs 

By  definition  these  three  quantities  must  sum  to  zero: 

0  =  Fii  +  F  +  Fbs  (5) 

and  thus  the  freshwater  transport  across  1 1°N  can  now  be  computed  as  follows: 

p"  -tIb) 

=  -0.60  + 0.15  Sv. 

Since  the  flow  of  freshwater  from  the  Pacific  into  the  Arctic/Atlantic  system  is  greater  than 
the  freshwater  leaving  the  system  (via  net  evaporation),  the  net  freshwater  flow  across 
1 1“N  is  southward. 

Freshwater  fluxes  have  been  indirectly  computed  using  North  Atlantic  values  of  air- 
sea  freshwater  exchange  and  land  runoff.  Wijffels  et  al.  (1992)  integrate  these  data, 
presented  both  by  Baumgarmer  and  Reichel  (1975,  Table  35)  and  more  recently  by  Schmitt 
et  al.  (1989),  southward  from  65°N.  As  a  northern  boundary  value  they  use  the  sum  of  the 
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freshwater  transport  of  the  Bering  Strait  and  the  precipitation  and  runoff  over  the  Arctic 
Ocean.  Results  of  this  analysis  appear  in  Figure  16.  Our  freshwater  transport  value  of 
-0.60  Sv  is  slightly  larger  in  magnitude  than  the  values  obtained  by  means  of  these 
integrations. 


4.  Discussion 

The  horizontal  circulation  results  of  this  study  agree  very  well  with  results  of 
previous  float,  CTD,  and  current  meter  studies  (e.g.  Table  3)  and  give  support  to  the 
application  of  our  analysis  techniques.  However,  partially  as  a  result  of  the  weak 
meridional  overturning  cell  we  find  crossing  our  section  (Table  4),  the  northward  heat  flux 
calculated  above  is  considerably  smaller  than  the  indirectly  computed  estimates  and  model 
results  shown  in  Table  5,  and  our  freshwater  transport  of  -0.60  Sv  is  larger  in  magnitude 
than  the  indirect  estimates  of  Figure  16.  A  number  of  possible  explanations  for  the 
differences  in  these  results  are  discussed  below. 

a.  Methodology 

The  methods  used  to  obtain  the  various  meridional  overturning  estimates  shown  in 
Table  4  vary  widely.  In  fact,  even  some  of  the  methods  involving  hydrographic  data  use 
different  analysis  techniques.  Although  some  of  the  direct  estimates  were  obtained  via 
inversions,  others  were  based  on  more  traditional  methods.  Evidence  of  the  differences  in 
results  caused  by  applying  these  various  methods  to  hydrographic  data  was  found  by 
Roemmich  and  Wunsch  (1985).  Using  a  traditional  reference  level  calculation,  they  found 
13.7  Sv  of  deep  water  flowing  southward  across  When  an  inverse  calculation  was 
performed  on  the  same  data,  17.1  Sv  of  deep  water  was  found  flowing  southward  —  a 
difference  of  nearly  3.5  Sv. 

Another  possibility  is  that  something  inherent  in  the  methodology  of  this  analysis  is 
causing  the  discrepancy  in  these  net  meridional  flux  estimates.  For  instance,  what  if 
instead  of  balancing  mass  by  the  addition  of  a  uniform  vq,  mass  conservation  was  imposed 
as  a  constraint  on  the  system?  This  alternative  was  also  tested.  Even  if  mass  conservation 
(without  the  addition  of  a  barotropic  velocity)  was  only  supplemented  by  the  mild 
constraints  that  the  net  AABW  flow  must  be  northward  and  the  net  NADW  flow  must  be 
southward,  the  maximum  possible  meridional  ovenuming  cell  is  still  only  6  Sv,  and  is 
considerably  smaller  than  all  other  estimates  in  Table  4. 
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One  unconventional  aspect  of  this  analysis  was  the  division  of  the  section  into  4 
separate  regions.  As  was  evident  from  Figures  3  and  5,  a  single  reference  level  for  the 
entire  section  could  not  produce  adequate  transport  results.  However,  what  if  the  section 
was  divided  into  six  regions  instead  of  four?  In  order  to  address  this  question,  the  eastern 
basin,  which  was  formerly  considered  as  a  whole,  was  divided  into  three  separate  regions. 
While  western  basin  reference  levels  were  kept  the  same  as  in  the  above  analysis,  all 
reference  levels  in  each  of  the  three  regions  of  the  eastern  basin  were  examined  between 
1000  db  and  4500  db,  by  500  db  increments.  Since  two  more  unknowns  were  added  to 
the  system,  two  additional  constraints  were  also  imposed:  (a)  the  net  AABW  transpon 
across  the  eastern  basin  must  be  between  0  and  4  Sv  northward  (McCarmey  et  al.  1991), 
and  (b)  the  lower  NADW  must  be  between  2  and  6  Sv  (McCartney  et  al.  1991;  Warren  and 
Speer  1991).  It  was  found  that  when  these  constraints  are  satisfied,  the  maximum  possible 
meridional  overturning  cell  is  only  7  Sv,  which  is  still  considerably  lower  than  the  results 
directly  obtained  by  means  of  IGY  hydrographic  data  (see  Table  4).  Although  the  realm  of 
possible  reference  level  choices  has  not  yet  been  exhausted  (an  inversion  is  clearly 
necessary),  it  does  appear  that  the  relatively  low  net  meridional  volume  and  heat  fluxes 
obtained  here  are  /wf  artifacts  of  the  specific  analysis  techniques  applied  in  this  study. 

b.  Data  resolution 

The  relatively  poor  resolution  of  the  IGY  data  may  be  another  explanation  as  to  why 
the  estimates  based  on  the  IGY  hydrographic  data  are  greater  than  most  of  the  other 
estimates  shown  in  Table  4.  Although  the  instruments  employed  in  the  1950's  were  indeed 
less  accurate,  a  more  serious  problem  is  the  coarse  vertical  and  horizontal  resolution  of 
these  data.  Beneath  2000  m  measurements  were  taken  only  every  200  -  300  m. 
Furthermore,  at  8°N,  for  example,  the  IGY  data  have  a  mid-ocean  station  spacing  of 
roughly  200  km,  in  contrast  to  the  nominal  50  km  spacing  (10  -  25  km  over  steep 
topography)  used  in  this  study.  As  found  by  Roemmich  and  Wunsch  (1985)  such  low 
horizontal  resolution  can  be  problematic  if  mesoscale  features  are  aliased  into  longer 
wavelengths  and  are  mistaken  as  gyre-scale  components  of  the  general  circulation. 

The  effect  of  poor  horizontal  resolution  on  these  net  meridional  fluxes  can  be 
examined  by  subsampling  our  1  l^N  dataset  in  order  to  obtain  station  spacing  similar  to  that 
of  the  IGY  data.  Subsampling  in  this  manner  yields  a  meridional  overturning  cell  of  up  to 
10.3  Sv.  (If  the  climatological  Ekman  transport  had  been  used  in  place  of  the  in  situ 
Ekman  transport,  this  estimate  would  increase  to  13.5  Sv).  Since  this  estimate  is  twice  the 
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size  as  that  found  by  using  the  increased  resolution  available  in  this  study,  that  much  of  the 
discrepancy  between  our  result  and  the  other  direct  results  listed  in  Table  4  may  be  due  to 
the  coarse  resolution  of  the  IGY  data. 

c.  Temporal  variability 

Temporal  variability  on  decadal,  synoptic  and  seasonal  time  scales  may  also  explain 
some  of  the  differences  between  the  results  of  this  study  and  the  other  estimates  given  in 
Tables  4  and  5  and  in  Figure  16.  Each  of  these  possibilities  will  now  be  examined  in 
succession. 


1)  Decadal 

It  is  not  implausible  that  the  rate  of  NADW  production  in  the  northern  North 
Atlantic  was  significantiy  lower  in  the  1980's  than  it  was  in  the  1950's.  In  a  comparison  of 
two  1981  sections  with  two  similar  sections  from  the  late  1950’ s,  Roemmich  and  Wunsch 
(1985)  found  a  significant  shift  of  the  deep  southward  flow  in  the  1981  sections  toward 
greater  depths.  Evidence  of  this  appears  in  their  Figure  6  (reproduced  here  as  Figure  17). 
A  relative  minimum  in  the  transport  per  unit  depth  profiles  occurs  at  roughly  2600  m  (2.8°C 
-  3.0®C)  for  both  the  24°N  and  the  36°N  1981  data.  These  minima  are  not  apparent  in  the 
IGY  data.  However,  a  similar  but  stronger  minimum  at  roughly  2600  m  is  apparent  in  the 
transport.per  unit  depth  profiles  (referenced  to  the  bottom)  for  our  1989  section  (Figure 
8a).  This  minimum  corresponds  to  the  middle  core  of  NADW  for  which  we  find  no  net 
flow  within  the  western  basin  (Figure  12b).  It  appears  that  this  relative  minimum  in  the 
transport  of  NADW  between  2.4°  and  3.2°C  is  a  feature  which  has  become  increasingly 
evident  over  the  past  few  decades.  Despite  this  trend,  Roemmich  and  Wunsch  (1985) 
found  that  the  IGY  and  1981  data  gave  similar  zonally  averaged  meridional  transports,  and 
thus  similar  heat  fluxes  as  well.  Therefore,  it  is  not  likely  that  this  decadal  variability  of  the 
middle  NADW  can  completely  account  for  our  relatively  weak  meridional  overturning  cell 
and  heat  flux. 

2)  Synoptic 

Temporal  variability  on  a  synoptic  time  scale  could  also  produce  some  of  the 
differences  in  the  estimates  of  Tables  4  and  5.  As  discussed  above,  the  errors  in  the 
meridional  overturning  cell  and  heat  flux  estimates  are  dominated  by  the  uncertainty  in  the 
magnitude  of  the  Ekman  and  shallow  NBC  transports.  If  the  meridional  overturning  cell  is 
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recalculated  using  the  climatological  Ekman  transport  for  the  month  of  March  (13.5  Sv), 
instead  of  the  weaker  mean  in  situ  estimate  (9. 1  Sv),  the  magnitude  of  our  meridional 
overturning  cell  is  increased  from  5.2  Sv  to  8.4  Sv.  This  new  estimate  is  in  slightly  better 
agreement  with  the  other  values  listed  in  Table  4.  If  the  heat  flux  estimate  is  similarly 
adjusted  to  include  the  climatological  Ekman  transport,  our  value  is  increased  from  2.3  x 
10^^  W  to  5.5  X  10^^  W.  Thus  the  atypically  light  winds  characterizing  this  March  1989 
cruise  yield  a  net  heat  transport  across  1 1°N  that  is  less  than  half  of  that  resulting  from 
average  March  winds.  Although  this  can  account  for  a  considerable  amount  of  the 
discrepancy  in  Table  5,  a  similar  revision  of  the  freshwater  flux  estimate  adjusts  this  value 
from  -0.60  Sv  to  -0.72  Sv.  This  revised  freshwater  flux  is  in  even  greater  disagreement 
with  the  indirect  integrated  estimates  of  Figure  16,  than  was  the  estimate  based  on  the 
unusually  small  Ekman  transport.  Thus  although  the  low  winds  characterizing  our  11°N 
section  can  partially  account  for  our  relatively  low  heat  transport,  they  cannot  account  for 
our  relatively  large  southward  freshwater  transport. 

3)  Seasonal 

Although  temporal  variability  on  decadal  or  synoptic  time  scales  may  play  a  role  in 
explaining  some  of  the  differences  appearing  in  Tables  4  and  5  and  in  Figure  16,  it  is  more 
likely  that  these  discrepancies  are  linked  to  the  strong  seasonal  cycles  characteristic  of  the 
tropical  Atlantic  circulation.  The  Florida  Current,  for  instance,  is  known  to  be  strongly 
seasonal,  varying  from  25  Sv  in  January  to  as  much  as  34  Sv  in  June  (Niiler  and 
Richardson  1973).  This  seasonal  cycle  may  be  directly  linked  to  the  seasonal  cycle  of  the 
tropical  Atlantic  circulation,  since,  according  to  Schmitz  and  Richardson  (1991),  nearly  half 
of  the  transport  through  the  Florida  Straits  originates  in  the  South  Atlantic.  The  greatest 
seasonal  change  in  Ekman  transport  occurs  at  roughly  -  10°N  (Isemer  and  Hasse 
1987),  with  a  maximum  in  January  to  March,  and  a  minimum  in  August  to  October.  The 
seasonal  variability  of  the  NBC  is  even  greater  and  is  out  of  phase  with  the  Ekman 
transport  Recent  studies  of  the  NBC  indicate  that  the  total  transport  of  this  current  may 
range  from  roughly  10  Sv  in  the  spring,  to  30  -  35  Sv  in  the  fall  (Candela  et  al.  1992; 
Johns  et  al.  1992b). 

Given  this  strong  seasonal  variability  of  the  tropical  North  Atlantic,  it  is  not 
surprising  that  our  heat  and  freshwater  flux  results  for  March  disagree  with  the  annual 
average  fluxes  shown  in  Table  5  and  Figure  16.  In  order  to  obtain  rough  estimates  of  the 
annual  average  fluxes  across  1 1°N,  our  geostrophic  transport  can  be  forced  to  balance  the 
sum  of  the  annual  average  Ekman  transport  (roughly  10  Sv)  and  the  shallow  NBC 
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transport.  Since  the  annual  average  total  NBC  transport  is  roughly  20  Sv,  and  7  Sv  were 
found  using  the  CTD  data  offshore  of  the  200  m  isobath  (which  we  assume  to  be 
seasonally  independent  for  the  purpose  of  this  computation),  the  annual  average  shallow  {< 
200  m)  NBC  transport  is  taken  to  be  13  Sv. 

Inherent  in  such  a  computation  is  the  assumption  that  the  baroclinic  component  of 
the  mid-ocean  geostrophic  velocity  field  is  seasonally  independent.  Although  this 
assumption  has  yielded  reasonable  net  meridional  fluxes  in  a  number  of  previous  studies 
(Hall  and  Bryden  1982;  Roemmich  and  Wunsch  1985;  Rintoul  1991;  Bryden  1991),  this 
may  not  be  an  adequate  assumption  in  the  tropical  Adantic.  Some  studies  have  shown  that 
in  this  region  the  increasing  strength  of  the  NBC  is  associated  with  an  offshore  increase  in 
the  southeastward  flowing  North  Equatorial  Countercurrent  (NECC)  (Richardson  and 
Walsh  1986),  resulting  in  a  constant  net  flow  for  the  combined  NBC  and  NECC  system. 
(See  Figure  18  for  a  schematic  of  equatorial  currents.)  Although  we  have  adjusted  the 
shallow  NBC  transport  accordingly,  we  have  not  accounted  for  the  possible  increase  in  the 
southeastward  flowing  NECC.  As  a  result,  the  annual  average  heat  and  volume  fluxes 
presented  below  could  be  overestimates. 

These  calculations  yield  an  annual  average  meridional  overturning  cell  of  12  Sv. 
This  value  is  in  much  better  agreement  with  those  listed  in  Table  4,  and  especially  agrees 
well  with  the  estimate  of  Schmitz  and  Richardson  (1991).  Although  our  annual  estimate  is 
still  lower  than  most  of  the  IGY  results,  it  is  closer  to  the  results  of  two  IGY  sections,  i.e. 
Rintoul  (1991)  at  32°S,  and  Roemmich  and  Wunsch  (1985)  at  Sti^N.  The  annual  average 
geostrophic  transports  resulting  from  these  assumptions  (shown  in  Figure  19)  include 
small  northward  transports  of  AAIW  and  AABW,  and  a  relatively  large  southward 
transport  of  NADW.  These  'reasonable'  transports  support  the  assumptions  required  to 
obtain  these  annual  estimates,  and  furthermore  illustrate  that  seasonal  variability  in  the 
Ekman  and  shallow  NBC  transports  may  play  a  large  role  in  governing  the  strength  of  the 
meridional  overturning  cell  within  the  tropical  North  Atlantic. 

In  order  to  estimate  annual  averages  heat  and  freshwater  fluxes,  transport-averaged 
temperatures  and  salinities  must  be  attributed  to  the  Ekman  and  shallow  NBC  transports. 
The  annual  average  surface  tempoature  is  roughly  1°  warmer  than  the  average  March  value 
(Isemer  and  Hasse  1987),  and  the  annual  average  surface  salinity  value  is  typically  17.o 

fresher  than  the  March  value  (Duing  et  al.  1980).  After  adjusting  our  previous  transport 
averaged  Ekman  and  shallow  NBC  temperatures  and  salinities  accordingly,  the  annual 
average  heat  and  freshwater  fluxes  become  roughly  11  x  10*^  W  and  -0.35  Sv, 
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respectively.  These  revised  estimates  can  be  interpreted  physically  as  follows.  Since  the 
annual  average  shallow  NBC  transport  is  almost  three  times  as  strong  as  the  March  value, 
we  would  expect  the  annual  average  heat  transport  value  also  to  be  considerably  larger  than 
the  corresponding  March  value  (2.3  ±  1.6  x  W).  Furthermore,  within  the  North 
Atlantic  March  is  typically  a  month  of  lower  than  average  evaporation  and  higher  than 
average  precipitation  (Isemer  and  Hasse  1987).  Thus  it  is  not  surprising  that  our  annual 
average  freshwater  flux  estimate  represents  a  somewhat  smaller  southward  freshwater 
transport  than  the  corresponding  March  estimate  (-0.60  ±  0.15  Sv).  Since  the  annual 
average  estimates  found  above  are  in  good  agreement  with  previous  annual  average  heat 
fluxes  (Table  5)  and  freshwater  fluxes  (Figure  16),  it  appears  that  the  relatively  low  heat 
and  slightly  high  southward  freshwater  fluxes  obtained  from  this  March  1989  data  are 
primarily  a  result  of  the  strong  seasonal  variability  of  the  tropical  North  Atlantic. 

Although  Table  5  includes  only  annual  average  heat  fluxes,  some  seasonal  estimates 
do  exist.  (As  far  as  the  author  is  aware,  there  have  been  no  seasonal  estimates  of  the 
freshwater  flux  in  the  tropical  North  Atlantic.)  Of  the  previously  calculated  seasonal  heat 
flux  estimates  for  the  tropical  North  Atlantic,  only  one  has  been  obtained  directly.  Using 
IGY  data  from  the  month  of  May,  Roemmich  (1983)  directly  calculated  the  heat  flux  across 
8‘'N  to  be  16  X  10^^  W.  There  are  a  number  of  possible  explanations  for  why  his  value  is 
considerably  larger  than  our  2.3  x  10^^  W  estimate.  (1)  Roemmich  obtained  his  data  from 
a  section  carried  out  in  May  while  our  section  was  performed  in  early  March.  (2)  Whereas 
our  11°N  section  was  characterized  by  weak  winds,  those  during  the  8°N  IGY  section  may 
have  been  stronger  than  average.  (3)  The  relatively  poor  resolution  of  the  IGY  data  may 
also  partially  explain  this  discrepancy,  and  (4)  the  data  used  in  Roemmich's  analysis  was 
collected  more  than  than  40  years  before  our  1 1®N  transect  took  place.  It  is  certainly 
possible  that  the  tropical  North  Atlantic  circulation  and  heat  flux  have  changed  ovci  ilils 
extended  period  of  time. 

Estimates  of  the  seasonal  heat  flux  across  11°N  have  also  been  obtained  indirectly 
by  means  of  surface  heat  budget  (and  heat  storage)  analyses  and  by  numerical  models. 
Some  of  these  estimates  appear  in  Table  6.  Although  the  surface  heat  budget  and  modelling 
studies  can  rq)roduce  the  annual  average  heat  fluxes  within  the  tropical  North  Atlantic  quite 
well  (Table  5),  these  studies  do  not  produce  consistent  seasonal  heat  flux  estimates.  For 
instance,  at  11®N  the  study  of  Russell  et  al.  (1985)  indicates  a  maximum  heat  transport  of 
24  X  lO^'^  W  between  April  and  June,  and  a  minimum  of  4  x  10*^  W  between  October  and 
December.  The  results  of  Hsiung  et  al.  (1989)  show  the  maximum  occurring  earlier 
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(Maxx^h)  and  the  minimum  occurring  later  (January)  with  magnitudes  of  16  x  10*^  W  and  -2 
X  W,  respectively.  These  results  contrast  strongly  with  those  of  Sarmiento  (1986) 
and  of  Philander  and  Pacanowski  (1986),  who  both  find  the  minimum  occurring  in 
August,  and  the  maximum  in  January  (precisely  coinciding  with  Hsiung  et  al.'s  minimum!) 

As  indicated  by  the  mixed  model  results  described  above,  the  seasonal  variability  of 
the  heat  flux  within  the  tropical  North  Atlantic  is  extremely  difficult  to  model.  As  a  result, 
it  is  not  surprising  that  our  direct  estimate  does  not  agree  well  with  the  numerical  results. 
In  fact,  most  of  the  models  listed  in  Table  6  predict  a  larger  heat  flux  in  the  spring  than  in 
the  fall.  If  our  speculation  on  the  annual  average  is  correct,  our  analysis  would  imply  just 
the  opposite,  i.e.  a  greater  heat  transport  in  the  fall  than  in  the  spring.  The  indirect  results 
of  Table  6  appear  to  contradict  recent  measurements  of  the  NBC  that  show  a  maximum 
northward  flow  in  fall,  and  a  minimum  in  spring.  However,  as  discussed  above,  the 
maximum  northwestward  transport  of  the  NBC  may  be  concurrent  with  the  maximum 
southeastward  transport  of  the  NECC.  Thus  it  is  not  clear  whether  the  net  flow  of  the 
combined  NBC  and  NECC  system  (i.e.  the  Guiana  Current,  as  shown  in  Figure  18)  is  at  a 
maximum  in  the  fall  or  in  the  spring,  or  perhaps  remains  roughly  constant  all  year  round 
(Csanady  1985).  Although  seasonal  variability  plays  a  potentially  large  role  in  the  heat  and 
freshwater  fluxes  of  the  tropical  Atlantic,  our  low  heat  and  high  freshwater  flux  estimates 
indicate  that  this  role  is  not  yet  clearly  defined. 

Although  a  number  of  previous  studies  yield  annual  average  meridional  fluxes  in 
good  agreement  with  those  obtained  above,  existing  seasonal  heat  flux  values  for  the  month 
of  March  are  considerably  higher  than  the  direct  estimate  obtained  in  this  study.  Since  heat 
and  freshwater  fluxes  are  highly  sensitive  to  the  NBC  and  Ekman  transports,  previous 
studies  may  have  under  or  over  estimated  the  seasonal  variability  in  these  transports,  and 
thus  obtained  inaccurate  seasonal  heat  flux  estimates.  Although  indirect  and  modelling 
studies  appear  to  be  able  to  reproduce  consistent  annual  estimates,  we  conclude  that  the 
seasonal  variation  of  the  tropical  Atlantic  is  not  yet  fully  understood,  and  is  thus  particularly 
difficult  to  model.  This  is  primarily  due  to  the  paucity  of  observational  data  for  the  tropical 
Atlantic.  Although  there  is  enough  data  for  the  models  to  produce  relatively  consistent 
annual  estimates,  there  is  not  yet  enough  for  them  to  be  able  to  obtain  reliable  seasonal 
estimates. 
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5.  Summary 

A  transatlantic  CTD/ADCP  section  nominally  located  at  1 1°N  was  carried  out  in 
March  1989.  Relative  geostrophic  velocities  were  computed  from  these  data  via  the  thermal 
wind  balance  with  reference  level  choices  based  primarily  on  water  mass  distributions. 
Mass  was  balanced  by  requiring  the  geostrophic  transport  to  balance  the  sum  of  the  Ekman 
and  shallow  NBC  transports,  as  calculated  from  in  situ  wind  and  ADCP  data. 

The  water  column  was  divided  into  four  shallow  water  masses  (surface, 
thermocline,  lower  thermocline,  and  AAfW)  and  four  deep  water  masses  (upper  NADW, 
middle  NADW,  lower  NADW,  and  AABW).  Although  emphasis  was  placed  on  the 
circulation  patterns  of  the  deep  water  masses,  a  brief  overview  of  the  shallow  water 
circulation  was  presented.  The  North  Brazil  Current  (NBC)  was  found  to  flow 
northwestward  along  the  western  boundary  with  a  transport  of  nearly  12  Sv  for  0  >  12°C. 
An  even  stronger  southward  counterflow  (-25  Sv  for  0  >  7°C)  was  located  just  offshore  of 
the  NBC.  The  remainder  of  the  section  was  characterized  by  northward  flow  over  the 
western  flank  of  the  MAR,  and  southward  flow  over  the  eastern  flank.  In  the  eastern  basin 
small  net  northward  flows  dominated.  Transports  of  these  water  masses  were  found  to 
support  the  results  of  Schmitz  and  Richardson  (1991)  who  found  that  nearly  half  of  the 
Florida  Current  waters  arc  derived  from  the  South  Atlantic. 

Results  of  the  deep  water  analysis  are  summarized  in  the  schematic  circulation 
patterns  presented  in  Figure  13.  Within  the  tropical  North  Atlantic  the  west  and  east  basins 
are  each  dominated  by  a  cyclonic  recirculation  gyre.  In  the  western  basin,  the  upper  and 
middle  NADW  cores  are  banked  up  against  the  western  boundary,  while  the  flow  of  lower 
NADW  is  farther  offshore  and  considerably  wider.  The  net  flow  of  the  DWBC  (0  < 
4.7°C)  is  found  to  be  -26.5  ±1,8  Sv,  and  agrees  well  with  most  previous  estimates. 
Nearly  half  of  this  flow  recirculates  northward  along  the  western  flank  of  the  MAR.  A 
particularly  notable  result  of  the  western  basin  analysis  is  the  negligible  net  flow  of  middle 
NADW.  Although  the  northward  flows  of  upper  and  lower  NADW  along  the  western 
flank  of  the  MAR  are  believed  to  be  associated  with  the  local  recirculation  gyre,  the 
northward  flow  of  middle  NADW,  which  nearly  balances  the  flow  of  this  water  mass  along 
the  western  boundary,  may  be  derived  from  the  eastern  basin  of  the  South  Atlantic. 

The  eastern  basin  is  dominated  by  a  large  cyclonic  recirculation  gyre  consisting 
primarily  of  lower  NADW,  and  supplemented  by  middle  NADW  and  AABW.  Each  of 
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these  water  masses,  as  well  as  the  upper  NADW,  have  small  net  northward  flows  within 
the  eastern  basin.  The  AABW  most  likely  enters  the  eastern  basin  by  means  of  the  Verna 
Fracture  Zone,  while  the  lower  NADW  enters  primarily  through  the  Kane  Gap.  The 
middle  and  upper  cores  of  NADW  are  believed  to  enter  through  both  of  these  passages. 

The  components  of  the  horizontal  circulation  discussed  above  agree  well  with 
results  from  previous  CTD,  current  meter,  and  float  studies;  however,  the  meridional 
overturning  cell  (5.2  ±1.6  Sv)  and  the  net  heat  flux  (2.3  ±  1.6  x  10^^  W)  calculated  in  this 
study  are  considerably  lower,  and  the  net  freshwater  flux  (-0.60  ±1.5  Sv)  is  slightly 
higher  than  previous  estimates.  There  are  a  number  of  possible  explanations  for  these 
discrepancies.  (1)  Methodology.  Most  previous  estimates  have  been  obtained  via 
numerical  models  or  surface  budgets.  Even  those  that  do  directly  involve  hydrographic 
data  do  not  necessarily  use  the  traditional  methods  employed  in  this  study,  but  instead  are 
based  on  inversions.  (2)  Resolution.  The  few  studies  that  have  been  obtained  directly  are 
almost  exclusively  based  on  the  1950's  IGY  data  that  have  a  horizontal  resolution  one  fifth 
of  ours,  and  a  vertical  resolution  in  the  deep  water  that  is  orders  of  magnitude  less  thar 
ours.  (3)  Decadal  variability.  Since  most  of  the  direct  estimates  are  based  on  data  from  the 
1950's,  decadal  variability  may  also  play  a  role  in  explaining  the  above  discrepancies. 
There  is  evidence  that  within  the  last  45  years  the  southward  flowing  middle  core  of 
NADW  has  decreased  in  magnitude,  which  could  alter  the  magnitudes  of  the  meridional 
overturning,  heat,  and  freshwater  fluxes  described  above.  (4)  Synoptic  variability.  Our 
section  coincided  with  particularly  weak  winds.  If  climatological  winds  are  used  instead  of 
the  weaker  in  situ  winds,  the  net  volume  and  heat  fluxes  increase  significantly.  (5) 
Seasonal  variability.  Annual  average  meridional  ovenuming,  heat,  and  freshwater  fluxes 
are  computed  based  on  annual  average  Ekman  and  NBC  transports,  temperatures,  and 
salinities.  The  resulting  values  are  12  Sv,  11  x  10^^  W,  and  -0.35  Sv  respectively,  which 
agice  well  with  most  previous  annual  estimates.  The  large  difference  between  our  March 
estimates  and  our  annual  estimates  is  indicative  of  the  importance  of  seasonal  variability 
within  the  tropical  North  Atlantic. 
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APPENDDC 

Bottom  triangles  are  defined  as  the  area  between  the  deepest  common  level  (DCL) 
of  a  station  pair  and  the  deepest  measurement  of  the  deeper  station.  Within  bottom  triangles 
there  is  not  enough  information  to  calculate  geostrophic  velocities  using  the  dynamic 
method.  Depending  on  the  slope  of  the  topography  and  the  distance  between  stations, 
neglect  of  bottom  triangle  transport  can  potentially  induce  a  large  error  into  transport 
calculations;  this  possibility  must  be  examined.  After  describing  various  methods  that  have 
been  used  to  attribute  transport  values  to  the  bottom  triangles,  two  different  methods  will  be 
applied  to  this  data  set  and  the  results  compared. 

In  some  instances  ignoring  all  transport  within  bottom  triangles  may  be  a 
satisfactory  solution.  If  the  area  of  the  bottom  triangles  is  small  as  a  result  of  closely 
spaced  stations  over  relatively  flat  topography,  and  if  there  are  no  suspected  bottom- 
intensified  currents,  the  error  due  to  assuming  zero  or  constant  velocity  within  the  bottom 
triangles  may  be  small.  This  method  may  be  adequate  for  a  calculation  of  the  total  transport 
across  a  section;  however,  significant  errors  may  still  result  if  the  bottom  or  lower  deep 
water  transports  are  examined  individually. 

A  slightly  more  sophisticated  calculation  of  bottom  triangle  transport  can  be 
obtained  by  keeping  velocity  shear  constant  within  the  bottom  triangle.  In  this  manner 
changes  in  velocity  can  be  extrapolated  down  into  the  bottom  triangle.  However,  this 
method  also  becomes  suspect  if  the  vertical  density  gradient  is  believed  to  change  over  the 
range  of  extrapolation.  A  refinement  of  this  model  (Roemmich  1979;  Zemba  1991) 
involves  weighting  the  vertical  shear  by  the  ratio: 

N%) 

N^dcl)  (A-1) 

where  NCz^^i)  is  the  Brunt-Vaisala  frequency  at  the  deepest  common  level  of  the  two 
stations,  and  N(z)  is  the  Brunt-Vaisala  profile  for  the  deeper  station  within  the  bottom 
triangle.  The  latter  is  thus  determined  solely  from  data  at  the  deeper  of  the  two  stations. 
This  method  assumes  that  the  separation  and  slope  of  isopycnals  remains  constant  within 
the  bottom  triangles. 

If  any  non-zero  velocity  is  ascribed  to  the  bottom  triangles,  the  possibility  of 
topographic  blocking  must  be  considered.  Over  rough  topography  the  bottom  area  between 
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two  stations  frequently  cannot  be  adequately  approximated  by  a  triangle.  For  instance,  hills 
in  the  sea-floor  bathymetry  can  cause  bottom  'triangles'  to  be  partially  or  entirely  blocked. 
An  example  of  such  intervening  topography  is  shown  in  Figure  Al.  Station  locations  are 
overlaid  on  the  topography  across  two  parts  of  the  11°N  section;  (a)  along  the  eastern 
continental  slope,  and  (b)  along  the  western  side  of  the  Mid-Atlantic  Ridge  (MAR).  In 
Figure  Ala,  the  area  below  the  DCL  of  any  two  stations  is  well  represented  by  a  triangle; 
however,  in  Figure  Alb,  most  of  the  bottom  triangles  are  at  least  partially  occupied  by 
topography.  As  can  be  seen  from  Figure  6,  Figure  Alb  is  actually  more  representative  of 
the  section  as  a  whole. 

An  argument  can  sometimes  be  made  for  ignoring  intervening  topography.  The 
geostrophic  current  may  divide  and  accelerate  around  the  topography,  causing  the 
calculated  transport  to  be  equal  to  the  product  of  the  true  reduced  areas  and  the  increased 
velocities  (McCartney  1992a).  Although  this  may  be  true  for  some  of  the  narrow  (relative 
to  the  station  spacing)  spikes  occurring  in  the  bathymetry  (see  Figure  6),  intervening 
topography  cannot  be  ignored  in  the  many  bottom  triangles  which  arc  completely  occupied 
by  topography.  In  this  study  we  assume  that  intervening  topography  can  be  ignored 
everywhere  except  within  the  bottom  triangles,  i.e.,  outside  the  bottom  triangles  the 
topography  is  assumed  not  to  support  any  pressure  gradient  After  examining  each  station 
pair  individually  the  bottom  triangle  areas  are  adjusted  to  include  only  that  area  not  blocked 
by  topography. 

In  this  study  two  methods  of  obtaining  bottom  triangle  transport  are  compared. 
(The  reference  levels  used  to  obtain  these  transports  is  discussed  in  Section  2c,  and  are 
shown  in  Table  2.)  In  the  first  method  velocities  within  the  bottom  triangles  are  assumed  to 
be  constant  and  equal  to  the  velocity  at  the  DCL,  and  in  the  second  method  the  vertical 
shear  is  assumed  to  be  weighted  by  the  ratio  given  in  Equation  (A- 1).  In  each  case  bottom 
triangle  areas  are  adjusted  to  account  for  topographic  blocking  as  described  above.  Figure 
A2  shows  integrated  bottom  triangle  transport  of  AABW  (0  <  1.8®C)  and  lower  NADW 
(1.8®  <  0  <  2.4®C)  as  computed  by  each  of  these  methods.  For  both  the  AABW  and  the 
lower  NADW,  individual  bottom  triangle  transports  differ  by  less  than  0.3  Sv,  depending 
on  the  method  chosen.  When  these  transports  are  integrated  over  the  entire  section,  the 
differences  between  these  two  methods  are  roughly  0.3  Sv  for  the  AABW  and  0.4  Sv  for 
the  lower  NADW.  (For  all  other  water  masses  the  integrated  differences  are  less  than  0.1 
Sv.)  For  consistency,  the  more  sophisticated  weighted  shear  method  is  used  for  all  bottom 
triangles  with  the  exception  of  those  described  below. 
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For  the  four  shallowest  station  pairs  (all  less  than  1400  m  depth),  we  consistently 
approximate  the  DCL  of  the  two  stations  as  a  level  of  no  motion.  (Reference  level  choice  is 
addressed  in  Section  2c.)  In  such  a  situation  the  use  of  the  weighted  vertical  shear  method 
would  unrealistically  attribute  a  bottom  triangle  velocity  with  a  sign  opposite  to  that  of  the 
velocity  just  above  the  level  of  no  motion.  (One  could  avoid  this  velocity  reversal  by 
assuming  a  level  of  no  motion  at  the  deepest  point  of  the  deeper  of  the  two  stations  instead 
of  at  the  DCL.  However,  for  these  particular  station  pairs  this  process  gives  exceptionally 
large  velocities  which  are  in  disagreement  with  nearby  current  meter,  float  and  ADCP  data.) 
Since  there  is  no  evidence  to  suggest  that  a  velocity  reversal  at  depth  exists,  we  assume  no 
bottom  triangle  transport  for  these  particular  station  pairs. 

The  weighted  vertical  shear  method  is  also  inappropriate  for  two  station  pairs 
located  along  the  western  continental  slope,  #81/82  and  #80/81,  and  one  station  pair  along 
the  eastern  continental  slope,  #3/4.  At  station  pair  #81/82  the  velocity  directly  above  the 
DCL  increases  strongly  with  depth.  As  illustrated  in  Figure  A3,  velocity  extrapolation  by 
means  of  a  weighted  vertical  shear  causes  the  velocities  within  this  bottom  triangle  to  be 
extremely  large  and  positive  (though  admittedly  smaller  than  if  we  had  assumed  a  constant 
vertical  shear).  Even  the  use  of  the  first  method  described  above,  i.e.  assuming  a  constant 
velocity  of  27.5  cm/s,  results  in  an  unacceptably  large  bottom  triangle  transport  of  0.8  Sv. 
Since  tracer  data  indicates  that  the  southward  flowing  core  of  upper  NADW  is  banked  up 
against  the  continental  slope  at  1800  m,  this  large  positive  bottom  triangle  transpon  is 
disturbing.  Furthermore,  this  core  of  upper  NADW  is  evident  in  the  velocity  profile  of  the 
deeper  adjacent  station  pair  (see  Figure  A3),  and  thus  again  argues  against  a  large  positive 
bottom  triangle  transport  at  1800  m  for  station  pair  #81/82.  With  no  way  of  determining 
precisely  how  much  of  the  upper  NADW  core  is  located  within  this  bottom  triangle,  it  is 
reasonable  to  assume  that  the  northward  transport  roughly  cancels  the  expected  southward 
transport.  Thus  we  attribute  no  net  bottom  triangle  transport  to  this  station  pair.  Since  a 
similar  scenario  exists  for  station  pairs  #80/^1  and  #3/4  we  assume  no  net  transport  in  these 
bottom  triangles  as  well. 

The  maximum  error  incurred  by  using  the  weighted  shear  method  is  assumed  to  be 
equal  to  the  magnitude  of  the  bottom  triangle  transport,  while  the  rrunimum  error  is 
probably  roughly  equal  to  the  difference  in  the  results  of  the  two  methods  described  above 
and  shown  in  Figure  A2.  The  error  in  AABW  transport  resulting  from  the  uncertainty  in 
the  bottom  triangle  flow  is  thus  assumed  to  range  between  0.3  and  1.8,  or  on  average 
roughly  1  Sv.  As  a  result  of  the  relatively  small  net  transports  of  AABW  this  uncertainty  is 
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significant,  and  is  the  dominant  source  of  error  in  all  AABW  transport  estimates  throughout 
this  paper.  The  bottom  triangle  error  associated  with  the  lower  NADW  is  assumed  to  range 
between  0.4  and  0.6  Sv,  but  as  a  result  of  the  typically  large  transports  of  lower  NADW, 
this  error  is  typically  small  as  compared  to  the  errors  in  the  Ekman  and  western  boundary 
transport  estimates  as  well  as  that  due  to  reference  level  choice.  As  a  result  of  the  small 
bottom  triangle  areas  associated  with  each  of  the  shallower  water  masses,  in  these  cases 
errors  due  to  bottom  triangle  transport  uncertainty  are  negligible. 
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TABLE  1.  Definitions  of  water  masses  in  terms  of  potential  temperature  classes. 


surface  water 

0  >  24<»C 

thermocline  water 

I2<’  <  0  <  24°C 

lower  thermocline  water 

7°  <  0  <  12“C 

AAIW 

4.7‘>  <  0  <  7.0X 

uppctNADW 

3.2°  <  0  <  4.7°C 

middle  NADW 

2.4°  <  0  <  3.2°C 

lower  NADW 

1.8°  <  0  <  2.4°C 

AABW 

0  <  l.8°C 
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TABLE  2.  The  30  combinations  of  reference  levels  for  Regions  2  and  3,  selected  such  that  the  net  flow  of 
AABW  within  the  western  basin  is  >  -0.5  Sv  (before  mass  conservation  is  imposed)  and  total  NADW 
transport  is  maximized.  These  combinations,  also  depicted  in  Figure  9b,  are  associated  with  a  1100  db 
reference  level  in  Region  1  and  a  21(X)  db  reference  level  in  Region  4. 


Reference  level 
for 

Region  2  [db] 


Reference  levd 
for 

Region  3  [db] 
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TABLE3.  Estimates  of  the  DWBC. 


Method 

lat. 

m 

DWBC 

[Sv] 

Stommel  and  Arons,  1960 

geostrophic  velocities 

35“ 

20 

Swallow  and  Worthington,  1961 

geostrophic  velocities  referenced  to  direct 
velocity  measurements;  data  below  1000m 

33“ 

7 

Barrett,  1965 

geostrophic  velocities  referenced  to  direct 
velocity  measurements;  data  below  150m 

35“ 

12 

Richardson  &  Knauss,  1971 

geostrophic  velocities  referenced  to  direct 
velocity  measurements 

35“ 

10 

Amos  et  al.,  1971 

geostrophic  velocities  referenced  to  2000m; 
data  below  2000m 

30“ 

22 

Richardson,  1977 

geostrophic  velocities  referenced  to  direct 
velocity  measurements;  data  below  1000m 

35“ 

24 

Lai,  1984 

current  meters;  data  below  800m 

28“ 

24 

Fine  &  Molinari,  1988 

geostrophic  velocities  referenced  to  bottom; 
data  below  1000m 

26.5“ 

19“ 

23.8 

8.3 

Lee  et  at.,  1990 

current  meters;  data  below  800  m 

26.5“ 

30 

Leaman  and  Harris,  1990 

geostrophic  velocities  referenced  to 
PEGASUS  data;  data  below  800  m 

26.5“ 

35 

Molinari  et  al.,  1992 

geostrophic  velocities  referenced  to  4.7“C; 
data  below  4.7'’C 

(7- 

14.5“ 

17.5-33.0 

Johns  et  al.,  1992a 

current  meter;  data  below  2500m 

8“ 

22 

this  study 


data  below  4.7’ 


8-9“ 


26.5  ±  1.8 
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TABLE  4.  Estimates  of  the  meridional  overturning  cell  in  the  Atlantic  Ocean,  defined  as  the  total  NADW 
plus  AAB  W  unnsport,  or  equivalently  the  net  transport  above  (or  below)  roughly  4°  -  5°  C. 


Method 

Meridional  Cell 
[Sv] 

Hall  &  Bryden,  1982 

IGY  hydrography  @  24°N 

October,  1957 

15.6 

Roemmich,  1983 

IGY  hydrography  @  8°N 

May,  1957 

21 

Roemmich  &  Wunsch,  1985 

hydrography  @  24°N 

IGY  October,  1957  /August,  1981 

18/  18t 

Roemmich  &  Wunsch,  1985 

hydrogr^hy  @  36°N 

IGY  April-May,  1957/ June,  1981 

12/171' 

Sarmiento,  1986 

model  results  at  1 1°N 

10 

Semtner  &  Chervin,  1988 

model  results  at  1 1°N 

7.5 

Rintoul,  1991 

IGY  hydrography  @  32®S 
April-June,  1959 

13 

Schmitt  and  Richardson,  1991 

hydrography  of  Florida  Straits 
and  Caribbean  passages 

:3 

Semtner  &  Chervin,  1992 

model  results  at  1 1°N 

10 

Speer  &  Tziperman,  1992 

■ 

air-sea  heat  and  freshwater  flux  data 

7* 

this  study 

_ 

hydrography  @  1  l*n 

March,  1989 

5.2  +  1.6 

_ 

^  Results  shown  are  from  reference  level  calculations  using  total  transport  constraints.  First  number  is 
obtained  using  IGY  data  from  19S7  while  second  is  obtained  using  1981  data. 

From  air-sea  data  a  deep  water  sinking  rate  of  9  Sv  is  determined  for  the  North  Atlantic.  Combining  this 
with  a  typical  AABW  transport  of  2  Sv  yields  an  overturning  rate  of  7  Sv. 
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TABLE  5.  Indirect  and  model  estimates  of  the  annual  average  heat  transport  across  10°  -  1 1°N  in  the 
Atlantic. 


METHOD 

HEAT FLUX 
[x  lOl'^  W] 

Bunker,  1976 

surface  heat  budga 

8.2 

Lamb,  1981 

surface  heat  budget 

11.3 

Russell  et  al.,  198S 

model 

14 

Hsiung,  1985 

surface  heat  budget 

8 

Sarmiento,  1986 

model 

8 

Philander  &  Pacanowski,  1986 

model 

9.5 

Semtner  &  Chervin,  1988 

model 

6 

Semtner  &  Chervin,  1992 

model 

8 
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TABLE  6.  Indirect  and  model  estimates  of  heat  transport  across  1 1°N  in  March. 


METHOD 

HEAT FLUX 
[x  10l'‘  W] 

Russell  et  al.,  1985 

model 

19* 

Sarmiento,  1986 

model 

12 

Philander  &.  Pacanowski,  1986 

model 

14 

Hsiung  et  al.,  1989 

surface  heat  budget 

17 

*  this  estimate  represents  an  average  over  January,  February,  and  March. 
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ical  Atlantic.  Individual  dots  denote  locations  of  the  84  CTD's. 
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Fig.  2.  Schematic  of  the  depth  profile  of  the  westernmost  250  km  of  the  1  l^N  section.  The  shallowest  of 
the  CTD's  (depicted  above  by  dashed  lines)  was  taken  at  the  200  m  isobath,  roughly  150  km  offshore.  To 
the  west  of  this  CTD,  only  ADCP  data  exists. 


-61  - 


(a) 

>7° 

AAIW 

NADW 

AABW 

-20  -10  0  10 
transport  [Sv] 


Reference  Level  =  4500  db 


transport  [Sv] 


Fig.  3.  Geostrophic  transports  in  various  temperature  classes  (as  defined  in  Table  1)  for  two  historical 
reference  levels  (a)  4S00  db  and  (b)  1200  db.  Net  geostrophic  transport  is  forced  to  be  equal  and  opposite  to 
the  sum  of  the  Ekman  and  shallow  NBC  transports  by  adding  a  uniform  reference  velocity  to  the  section  of; 
(a)  Vo=  -0.21  cm/s  and(b)  Vo= +0.08  cm/s. 
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Fig.  4.  A  6-S  diagram  for  the  1 1°N  section,  calculated  by  taking  the  average  potential  temperature  and 
salinity  at  20  m  depth  intervals,  for  (a)  the  entire  water  column,  and  (b)  the  isothermal  boundaries 
defming  the  intermediate,  deep  and  bottom  water  masses. 
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Fig.  S.  Transports  of  AABW  and  NADW,  as  defined  in  Table  1,  as  a  function  of  reference  level  for  the 
entire  1 PN  section.  For  each  reference  level  mass  is  conserved  by  forcing  the  geostrophic  transport  to  be 
equal  and  opposite  to  the  sum  of  the  Ekman  and  shallow  NBC  transports. 
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Fig.  6.  Topography  of  the  ll^N  transect  offshore  of  the  shelf  break.  The  section  is  divided  into  4  separate 
regions  for  reference  level  computations,  as  per  text. 


-65- 


Potential  Temperature 


B 

£ 

o. 

•o 


1000 


1500  2000  2500 

distance  [km] 


3000  3500  4000 


Fig.  7.  Property  distributions  along  the  11*’N  section  from  French  Guiana  (on  the  left)  to  Senegal,  as  a 
function  of  (^th  (m)  and  along  track  distance  <fcin)  oRshore  of  the  shelf  break,  (a)  potential  temperature 
(**Q,  (b)  salinity  (ppt),  (c)  dissolved  oxygen  (ml/1),  (d)  silicate  (pmol/1),  and  (e)  phosphate  (pmol/I). 
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Fig.  7.  continued. 
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FlG.  8.  Transport  per  unit  depth  relative  to  the  bottom,  for  (a)  the  entire  section,  (b)  Region  1,  (c) 
Region  2,  (d)  Region  3,  and  (e)  Region  4. 
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Fig.  9.  Contour  plots  of  the  western  basin  transports  of  (a)  AABW  and  (b)  NADW  as  a  function  of  the 
reference  levels  in  Regions  2  and  3.  The  reference  level  in  Region  1  is  held  constant  at  1 100  db.  Mass  is 
not  balanced  since  we  have  not  yet  chosen  a  reference  le'  Region  4.  The  shaded  areas  in  both  plots 
represent  the  combinations  of  reference  levels  which  6>ve  unrealistically  large  southward  AABW 
transports  within  the  western  basin.  Thirty  reference  level  combinations  are  chosen  that  give  >  -0.5  Sv  of 
AABW  transport,  while  maximizing  NADW  transport.  These  choices  are  shown  by  the  asterisks  in  (b). 
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Fig.  10.  Mean  geostrophic  transport  in  four  temperatiue  classes  for  the  30  reference  level 
combinations  described  in  Table  2  and  depicted  in  Figure  9b.  For  each  combination,  mass  is 
balanced  by  adding  a  uniform  barotropic  velocity  across  the  section  in  order  to  force  the 
geostrophic  transport  to  balance  the  sum  of  the  Ekman  transport  (9.1  ±  1.8  Sv)  and  the 
shallow  NBC  transport  (4.S  Sv  ±  1  Sv).  Error  bars  include  the  uncertainties  in  the  bottom 
triangle,  Ekman,  and  shallow  NBC  transports. 
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Fig.  11.  Geostrophic  tiansprvt  in  seven  temperature  classes  for  (a)  Region  1,  (b)  Region  2,  (c)  Region  3,  and  (d) 
Region  4. 
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FIG.  12.  Transport  integrated  seaward  from  the  western  boundary,  as  a  function  of  alcmg-track  distance  for. 
(a)  surface  water,  including  the  absolute  shallow  NBC  transport,  but  not  the  Ekman  transport  over  the 
remainder  of  the  section,  (b)  thermocline  water,  (c)  lower  thermocline  water,  (d)  AAIW,  (e)  upper  NADW, 
(I)  middle  NADW,  (g)  lower  NADW,  and  (h)  AABW.  Solid  vertical  line  represents  the  center  of  the  MAR 
while  the  dashed  lines  indicate  the  divisions  between  Regions  1  -  3. 
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wklc  arrow  in  (a)  signifies  flow  evenly  distributed  throughout  the  eastern  basin. 
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Fig.  14.  Transport  of  0  <  4.7X  integrated  seaward  from  the  western  boundary.  The  DWBC,  defined  as 
flow  to  the  west  of  the  maximum  integrated  transport  of  0  <  4.7*’C,  transports  26.5  Sv  southward.  Half  of 
this.  13.2  Sv,  recirculates  northward  along  the  western  flank  of  the  MAR. 
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Fig.  15.  Mass  balance  for  the  region  between  the  Bering  Strait  and  the  1 1°N  section, 
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Fig.  16.  Indirea  estimates  of  the  northward  transport  of  freshwater  in  the  Atlantic  Ocean  as  a  function  of 
latitude.  Integration  using  the  data  of  Baumgartner  and  Reichel  (1975)  is  denoted  by  BR,  while  that  using 
the  updated  data  of  Schmitt  et  al.  (1989)  is  denoted  by  SBD.  lAd^ted  from  Wijffels  et  al.  1992]. 


LATITUDE 


-84- 


20*N 


70"W 


LONGITUDE 

40'  30*  20' 


north  EOUATORIAL 
CURRENT 


north 
equatorial 

COUNTERCURRENT 

^  EQUATORIAL 

CURRENT 


10*£ 


south  equatorial  current 


south 

equatorial 

current 


20*S 


SCHEMATIC  MAP  Of  CURRENTS  IN  THE  TROPICAL  ATLANTIC 


Fig.  18.  Schematic  map  showing  the  major  tropical  currents  between  July  and  September,  when  the  North 
Equatorial  Counercurrent  flows  swiftly  eastward  across  the  Atlantic  and  into  the  Guinea  Current  From 
January  through  June  the  countercurrent  usually  disappears,  and  westward  velocities  are  typically  seen  in 
this  area.  [From  Richardson  and  Walsh  1986.1 


-85- 


ANNUAL  AVERAGE 

>7° 

AAIW 

NADW 

AABW 

-20  -10  0  10 
transport  [Sv] 


-11.8 


-13.7 


0.9 


1.7 


Fig.  19.  As  in  Figure  10,  except  annual  average  estimates  for  the  Ekman  transport  (10  Sv)  and  the 
shallow  NBC  transport  (13  Sv)  are  used. 
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j.  Al.  Five  stations  overlaid  on  local  topography  across  two  portions  of  the  1  l^’N  section;  (a) 
eastern  continental  slope,  and  (b)  the  western  side  of  the  MAR.  Bottom  'triangles'  are  denoted 
shading. 
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Fig.  A2.  Bottom  triangle  transport  integrated  from  west  to  east  computed  by  means  of  two 
difTerent  methods,  as  described  in  the  text  (a)  AABW  transport  (6  <  1.8*^)  (b)  lower  NADW 
transport  (1.8°  <  6  <  2.4°).  Reference  level  choices  will  be  described  in  Section  2c,  and  shown 
in  Table  2. 
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Fig.  A3.  Velocity  profile  within  the  bottom  triangle  of  station  pair  #81/82  calculated  by  means  of  the  two 
extrapolation  methods  (weighted  vertical  shear  and  constant  velocity)  described  in  text.  Also  shown  are  the 
velocity  profile  assuming  zero  velocity  within  the  bottom  triangle,  as  well  as  the  velocity  profile  at  the  same 
depths  for  the  adjacent  station  pair  #80/81.  Since  these  stations  are  deeper  there  is  enough  information  to 
calculate  relative  geostrophic  velocities  and  no  extrapolation  procedure  at  this  depth  is  necessary.  (All 
velocities  are  relative  to  1 1(X)  db;  this  reference  level  choice  will  be  defended  in  Section  2c.) 
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